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Abstract 
The project investigated in this thesis is concerned with application of using optical 
fibre cantilever sensors for various applications where traditional electrical sensors 
cannot survive or work. These applications include micro-machined optical fibre-top 
cantilever sensor for high temperature and pH measurement, ferrule-top measurement to 
monitor real-time biomolecule binding process and optical fibre side cantilever sensor 
for acceleration measurement.  In addition, a further investigation of optical fibre 
diaphragm sensor used for prostate stiffness measurement is also presented based on the 
same interrogation technique. 
First of all, interferometry to monitor the cantilever deflection will be investigated to 
avoid issues associated with intensity based systems while retaining high measurement 
resolution. 
Secondly, different manufacture techniques of cantilevers compatible with silica optical 
fibres (laser machining with ns/ps laser, FIB machining) is proposed for deflection 
measurement. This includes temperature/pH sensing, biological binding monitoring 
multicore fibres for multi-measurand sensors and optically activated sensors for 
acceleration measurements. 
The use of optical fibre offers a route to miniaturise sensor configuration to allow 
measurement of real- time bending of micro-cantilevers which can be transferred to 
cantilever surface energy change by Stoney’s equation.  By investigating this small 
energy change, behaviour of real-time biomolecule binding can be monitored. A 
number of techniques and applications are investigated in the thesis. 
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Chapter 1  
Introduction 
Sensors are all around us. They are vital in the modern world, from controlling 
industrial processes, healthcare, transportation, and in personal electronics.  Almost all 
aspects of our everyday life depend upon sensors.  The majority of these are based 
upon electronic principles, however, there is an increasing need for sensors to fill niche 
applications where electrical sensors are unsuitable. This may be because of the 
operating environment conditions, the need for high resolution, or the ability to measure 
something in a completely new way.  In this thesis the motivation for developing 
optical fibre cantilever sensors is driven by the need for miniaturised sensor elements 
that offer measurement capability not currently available using traditional techniques. 
This is applied to a range of physical and bio-sensing applications, to demonstrate the 
potential of the sensors developed.  
1.1 Motivation 
A sensor usually refers to a device that measures some environmental parameter and 
converts it into a signal which can be read by a person or by monitoring equipment.  
Many sensors are based on an electrical principle for ease of subsequent data handling. 
They are common in everyday life e.g. measuring room temperature, video camera 
capture, car speed, etc.  Sensors need to be designed to have a negligible effect on the 
parameter being measured; making the sensor smaller often improves this and may 
introduce other advantages. Technological progress allows more sensors to be 
manufactured on a microscopic scale commonly by exploiting Microelectromechanical 
systems (MEMS) technology [1.1]. In many cases, a micro-sensor reaches a 
significantly higher sensitivity compared with macroscopic approaches. With the 
development of MEMS sensors, researchers and engineers have expanded the use of 
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these sensors to more advanced and challenging areas such as lab-on-a-chip biosensors 
[1.2], high sensitive accelerometers [1.3], and chemical sensor [1.4] for example. 
However, there are cases where the electrical sensor cannot meet the application 
requirements, for example due to high magnetic fields or, explosive environments.  In 
such cases, optical sensors have been developed because of their high sensitivity and 
performance in harsh environments [1.5]. For instance, Fibre Bragg Grating (FBG) 
sensors are widely used for strain and temperature monitoring where the miniature senor 
dimensions, light weight and multiplexing capability offer advantage over alternative 
techniques [1.6]. A schematic diagram of the coupling principle of FBG is illustrated in 
Figure 1.1. The FBG is fabricated by using holographic interference or a phase mask to 
expose a short length of photosensitive fibre to a periodic distribution of UV light.  
The refractive index of the fibre is permanently altered according to the intensity of UV 
light. The resulting structure reflects a ‘single’ wavelength of light depending upon the 
grating pitch which shifts in response to variations in temperature and/or strain. 
 
Figure 1.1  General coupling principle of FBG. Light from a broadband source is coupled into an optical fibre.  
Both the transmission and the reflection spectrum of the FBG are shown.  
Alternatively interferometry offers a route to accurate measurements. For example 
Fabry-Perot (FP) sensors have been demonstrated for high sensitivity measurement 
[1.7].  FP cavity can be formed using reflective splices or thin optical coatings, 
offering a miniature point sensor on the scale of the fibre. 
FBG 
Broadband Light 
Reflected Bragg Wavelength 
Transmission 
Bragg Spectrum 
FBG 
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In this thesis interferometers based upon micro-cantilevers are developed as an 
alternative to electrical sensors for acceleration and displacement measurement as well 
for bio sensing of small interaction volumes in space constrained environments. 
Micro-cantilever sensors, as shown in Figure 1.2, offer a promising and highly sensitive 
approach to “label- free” detection of bio-molecules without the need for fluorescent or 
radioactive labeling. The underlying principle is to directly translate molecular 
interactions, e.g. binding between antibody-antigen, on one side of a cantilever surface 
into mechanical bending, which can be precisely detected using optical methods that are 
routinely used for atomic force microscopy (AFM).  However, conventional AFM 
techniques involve bulky optical beam detection systems that are unsuitable for some 
applications.  
 
Figure 1.2   A typical Micro-cantilever under SEM ([1.8]). 
The work presented in this thesis is concerned with the design, fabrication and 
application of optical fibre based cantilever sensors for various applications. This 
includes micro-machined optical fibre-top cantilever sensors for high temperature and 
pH measurements, ferrule-top sensors to monitor real-time bio-molecular binding 
process, and optical fibre-side cantilever sensors for multi axis acceleration 
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measurement. To realize this requires development of suitable interrogation techniques, 
as well as novel fabrication processes, and cantilever ‘activation’: 
1. Development of cantilever interrogation scheme 
Interferometry is used to monitor the cantilever position.  This approach avoids issues 
associated with intensity based systems while retaining high measurement resolution.  
Initial modelling explores the designs of the optical system – including the cavity 
optical design (cantilever reflectivity and cavity length) and the optical interrogation 
systems.  These are validated experimentally using broadband and swept wavelength 
interrogation approaches. 
2. Manufacture of cantilevers compatible with optical fibres 
Novel manufacturing routes based upon Picosecond laser processing and/or Focussed 
Ion Beam milling will be used to fabricate sensor components with appropriate 
resolution.  Three areas will be investigated in this thesis: 
(i) Fabrication of cantilevers directly onto silica optical fibre using ps-laser 
machining (manufacturing sketch is shown in Figure 1.3).  While this may 
result in lower sensitivity cantilevers (due to fused silica mechanical properties) 
and higher fabrication costs the benefits of a single material (all-silica) 
cantilever and addressing system with in-built optical alignment and minimum 
overall dimension is of potential interest.  This approach is successfully 
demonstrated for a number of sensing applications. 
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Figure 1.3 General manufacturing steps for optical fibre-top cantilever: (a) Laser machining to form a ridge, (b) Laser 
micro-machining of surface 1, (c) Laser micro-machining of surface 2. 
(ii) Fabrication of sensor elements that can then be attached to a conventional 
optical fibre ferrule.  This has been successfully demonstrated for bio-sensing. 
(iii) Fabrication of in-fibre 45˚ mirror to allow for side mounted cantilevers.  The 
45˚ micro turning mirror is fabricated by FIB/laser dual process.  This will 
offer the possibility to machine longer cantilevers onto the side of the fibre 
thereby demonstrating higher sensitivity. This is applied for low g multi-axes 
acceleration measurement with micro-machined optical fibre side cantilevers. 
1.2 Summary of Chapters 
Chapter 2 comprises a comprehensive review of conventional methods for fabrication 
and interrogation of micro-cantilever sensors. These are reviewed and then compared to 
the approach developed and investigated in this thesis. 
Chapter 3 introduces the essential theory of the operation principle of the optical fibre 
cantilever demodulation system.  One approach developed uses a low cost light source 
and spectrometer to acquire the spectral information. A bespoke LabView software 
program based on FFT algorithm is developed to determine the cantilever cavity length. 
The measured cavity length is calibrated using a Reinishaw ML10 position sensor 
a 
b 
c 
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(accuracy ~1nm) which reveals a resolution of around ±15nm. By the use of a phase 
recover algorithm this error can be further reduced to ~2nm. 
Chapter 4 explores the design and manufacture techniques of optical fibre-top 
cantilevers. The use of optical fibres opens a route to miniaturise the sensor 
configuration and allow measurement of real- time bending of micro-cantilevers in order 
to enable various sensing applications.  Two different applications, temperature and 
pH sensing, will be discussed.  The work from this chapter is published in IOP Journal 
of Measurement Science and Technology [1.9]. 
Chapter 5 describes the Focussed Ion Beam experimental work conducted to fabricate 
in-fibre 45˚mirrors.  These are micro-machined on both single mode fibre (SMF-28) 
and Multi Core Fibre (MCF).  For reliable results the resulting mirror must be at least 
25μm by 25μm in size. The machined angle is then verified using white light 
intereferometry to be 45˚±0.01˚ with an optical surface finish. The in- fibre micro-mirror 
provided a new route for deflection and displacement sensing parallel to the direction of 
optical fibres in a space restricted environment. Three potential applications are 
demonstrated: MCF three-axis displacement measurement, MCF two-axis acceleration 
measurement and an optical fibre side cantilever for acceleration measurement.  
Chapter 6 investigates ferrule-top cantilever biosensor fabricated onto the end of an 
optical FC/PC ferrule. The fabrication offers potentially low cost scalable production 
suitable for industrial applications. Proof-of-concept binding experiments between 
biotin and streptavidin are also studied. The use of the cantilever biosensor for food 
pathogen detection has also been demonstrated.  Food pathogen of less than 105cfu/ml 
was successfully detected in ‘real-time’ (within 30 minutes) which allows the 
development of a new generation of micro-cantilever biosensors with even higher 
sensitivities and opens a new transfer route for clinic application with potentially 
low-cost fabrication process.  
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Chapter 7 presents an optical finger sensor for prostate tissue stiffness measurement.  
An optical finger with 45˚ polished optical fibre as a key sensing element is employed 
to address the issues brought by conventional electrical gauge.  The sensor can offer a 
much higher sensitivity and resolution with a small size compared with electrical gauge. 
The technology can be potentially used to develop methods of reliably diagnosing 
prostate cancer for clinic purpose. 
Chapter 8 makes a conclusion of the thesis and discusses potential application areas for 
optical fibre cantilever sensors. An assessment of the optical fibre cantilever sensors 
designed in the thesis is presented and suggestions for future direction are noted. 
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Chapter 2  
Literature Review and Background 
Cantilever based sensors show great promise for a wide range of sensing applications.  
The premise of this thesis is that incorporating cantilever structures onto the end of 
optical fibres will offer additional flexibility in their application and deployment.  In 
this chapter sensors are briefly considered before concentrating on optical fibre sensors 
and cantilever sensors. A background review of conventional micro-fabrication and 
interrogation techniques for micro-cantilever sensors is presented. This develops into a 
more detailed discussion of micro-cantilever sensors, with the general sensing 
technologies introduced to give the reader an overall feel for potential applications of 
these sensors.   
Conventional electronic sensors are unsuitable for some niche sensing application, for 
example in restricted spaces and harsh environments such as regions of high Electrical 
and Magnetic Interference (EMI) or chemical corrosion. Optical sensors offer a route to 
solve these issues. After a brief introduction to optical fibre sensor concepts, an 
overview of cantilever sensors is considered.  Both electronic and bulk optics 
approaches of cantilever interrogation structure are discussed.  These methods have 
been developed during recent years and some are becoming established commercially.  
However, they are either prone to EMI or too bulky (free space optics) to be used for 
some applications. Therefore, optical fibre sensors are proposed to address these issues. 
2.1 Introduction 
The initial motivation of using micro-cantilever sensors is to monitor biological binding 
processes. The sensor may prove useful for new drug discovery and early diseases 
diagnosis. Using optical fibre sensing technology, high precision measurements can be  
achieved in a miniaturised sensor by combining the sensing and interrogation as a single 
element.  In this case, the fibre plays a role as a touch-and-tell device with a fast 
measurement response. In the following section, general sensor technologies will be 
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introduced, followed by the application of sensors for biological binding measurements. 
Conventional biosensor technologies have some drawbacks and the micro-cantilever 
sensor is introduced as an alternative route to explore biological binding. Different 
fabrication techniques to create the cantilever structure are investigated. The use of the 
cantilever structure proposed in this thesis is further extended to other applications, such 
as all optical fibre cantilever accelerometer, pH sensor and temperature sensor. The last 
part of the chapter will focus on typical interrogation techniques that could be used to 
monitor deflection of cantilever sensors. 
2.1.1 Sensor Overview 
Sensors are vital to allow us to understand the world around us.  There have been 
many important developments in sensing, often driven by industrial and technological 
demand, such as conventional temperature and mechanical sensors and micron scale 
semiconductor sensors.  Here sensors related to bio- and pH sensing (biosensors), and 
displacement, movement, acceleration (accelerometers) are considered as they form the 
main topic in this thesis. 
A biosensor is normally an analytical device to detect analyte, combining a biological 
component with a physicochemical detector.  The bio-elements of interest e.g. tissue, 
microorganisms, receptors, enzymes, antibodies, etc., are measured by a biologically 
derived material that interacts (binds or recognises) the analyte under study.  The 
interaction signal of the analyte with the biological element is often transformed into an 
electrical signal and analysed.  The main requirements for a biosensor approach to be 
useful for commercial applications are the identification of a target analyte, availability 
of a suitable biological recognition element, fast response and the potential for portable 
detection systems.  The applications of the biosensor can be various, such as glucose 
monitoring in diabetes patients or detection of pathogens [2.1]. 
One commercial biosensor (the ‘immune’ sensor) utilises the very specific binding 
between antibody and antigen [2.2].  The specific nature of the antibody-antigen 
interaction can result in a physicochemical change and can be measured by the sensor 
probe.  Such a biosensor is very useful as it can monitor medical health related targets 
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which is significant to human well-being.  It is also useful for drug discovery and 
evaluation of biological activity of new compounds. 
One common immune sensor is caller Enzyme Labelled Immune Sorbent Assay 
(ELISA), which has become a very popular and effective clinical tool [2.2].  The 
detailed comparison of using ELISA sensor and the optical fibre cantilever sensors 
developed in this thesis will be discussed in Chapter 6.  Another popular immune 
sensor is based on fluorescence, in which the antibodies are labelled with a fluorescent 
reagent without affecting its biological activity.  The fluorescent intensity measured is 
related to the amount of antigen present in a processed sample. This technique has been 
used in the rapid detection of foodborne pathogens [2.4].  However, the technology 
usually involves a time-consuming multi-step process to identify the target bioanalyte.  
Therefore although there are many well developed biosensor technologies, there is 
scope for fast, miniaturised, label free sensing technologies. 
Inertia sensors are another widely used sensor.  One application of inertia sensors is 
the measurement of acceleration.  This is commonly measured by applying a force on 
a ‘test mass’ and the acceleration can be calculated by Newton’s second law.  Single 
and multi-axis accelerometers are available to detect direction of the movement, and 
they can be used to measure orientation (via acceleration due to gravity), directional 
acceleration, vibration, shock, etc.  For example, micro-machined accelerometers [2.5] 
are widely used in video game controllers and smartphones to detect the position of the 
device or provide for game input.  Besides these cheap commercial accelerometers, 
there is also a demand for acceleration measurement in harsh industrial and research 
environments where there are greater demands on EMI immunity, and inherent safety. 
For this purpose the concept for a multi-axis optical fibre accelerometer is designed and 
manufactured to demonstrate the potential of fibre based micro-cantilevers in such 
applications. 
2.1.2 Optical fibre sensors  
Optical fibre sensors have applications where conventional electronic sensors are not 
suitable due to their size, mass, EMI sensitivity, etc.  Optical sensors have been 
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developed to address these issues.  Optical fibres can be used as sensors for various 
measurement requirements, where the parameter of interest interacts with some property 
of the guided light. Intensity, phase, polarization, or wavelength information can be 
modulated by external perturbations on an optical fibre.  
There are many different types of optical fibre sensor.  For instance, temperature and 
strain are often measured by using a Fibre Bragg Grating (FBG) sensor.  In the 
simplest case the FBG reflects a ‘single’ wavelength: the Bragg wavelength. Shifts in 
this wavelength can be measured to determine temperature and strain effects that act on 
the FBG [2.6].  The sensor can be easily multiplexed to create sensing networks. 
Therefore it has been applied for many applications such as downhole temperature and 
pressure measurement in oil wells [2.7], and aerospace structure health monitoring 
[2.8].  
Electrical voltage can be detected by nonlinear optical effects in specially-doped fibres, 
which alter the polarization of light as a function of voltage or electrical field [2.9].  
Angle measurement sensors can be based on the Sagnac effect (an effect in 
interferometer which optical phase change is sensitive to rotation) with a resolution of 
~0.1°/h [2.10]. These applications show the capability of optical fibre sensors to 
accomplish a sensing task where traditional electrical sensors cannot easily be used. 
The recent development of microstructured fibres [2.11] has made it possible to develop 
various micro/nano sensors.  An example of this sensor is found in the photonic crystal 
fibre sensor (fibre structure shown in Figure 2.1).  
 
Figure 2.1  An overview of photonic crystal fibre (left) and the detailed microstructure (right) under SEM ([2.11]). 
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The large surface area offered by accessing the holes has led to the potential for  
biochemical sensing [2.12].  Here a layer of biomolecules was immobilized onto the 
sides of the holes of the photonic crystal fibre.  By observing the shift in the resonant 
wavelength of a long-period grating formed in the fibre, the thickness of the layer is 
measured and the thickness of biomolecule can be determined [2.13].   
2.1.3 Cantilever Sensors  
In the macro-world, a cantilever usually refers to a beam or overhanging architectural 
element that is supported at only one end.  A common example is the swimming pool 
diving board, whereas in the micro-world, micro-fabricated cantilevers are one of the 
most elementary and successful example of miniaturised sensors.  A suitably activated 
free-standing beam can detect changes in the chemical, biological, and physical 
properties of the surroundings [2.14].  One of the most successful examples of the 
cantilever sensor is atomic force microscope (AFM) [2.15] which is able to image a 
surface profile with (sub-)nanometer resolution by measuring the force between a sharp 
tip of a suspended cantilever and the surface.  In terms of micro-cantilever sensors, a 
mechanism to change the surface stress will cause the cantilever to deflect or change its 
resonant frequency. 
Micro-cantilevers have been widely employed for physical, chemical and biological 
sensing [2.16][2.17][2.18][2.19]. They have also seen applications in the field of 
medicine, specifically for the screening of diseases, blood glucose monitoring and 
detection of chemical and biological analytes [2.20][2.21][2.22][2.22]. These sensors 
have several advantages over conventional analytical techniques because of their high 
sensitivity, low cost, simple operation, small sample volumes (µl) and quick response. 
The technology is promising to be used for miniaturised and high sensitive biosensors, 
due to its ability of high throughput analysis of analytes and sensitive detection. 
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2.2 Cantilever beam theory 
It is important to understand the mechanical properties of the cantilever beam before it 
can be used as a sensor.  In this section, cantilever beam theory for determining the 
deflection resulting from an applied force will be considered. 
 
Figure 2.2  Simple cantilever (A-B) subject to deflection υ at point B due to force F applied onto the -x direction. 
Consider a cantilever beam with an applied force F at the free end in the x direction. The 
deflection υ is the displacement in the x direction (as shown in Figure 2.2).  The angle 
of rotation θ of the axis (also called slope) is the angle between the x axis and the 
tangent to the deflection curve.  ds is a small movement along the deflection direction.  
v is the cantilever deflection. The curvature k can be expressed by: 
ds
d
k



1
          (2.1) 
tan
dx
dv
           (2.2) 
Suppose that the radius of the curvature is  , then we have the following relationship: 
dsd                      (2.3) 
For small θ, ds dx, cosθ  1, then we have: 
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If the material of the beam is assumed to be linear elastic, then we have: 
 
EI
M
k 

1
                    (2.5) 
M is the moment, E is the Young’s Modulus, and I is the moment of the inertia of the 
cantilever beam respectively.  Then the differential equation of curve is obtained: 
 
EI
M
dx
vd
ds
d

2
2
                      (2.6) 
The above equations can be written in a simple form: 
 M
dx
vd
EI 
2
2
                       (2.7) 
These equations are valid only when Hooke’s law applies and when the slope and the 
deflection are very small.  Most of the cantilever deflection measurements for 
chemical and biological applications discussed in this thesis are based on this 
assumption, since the maximum deflection is usually <µm, which is still ‘small’ 
compared to typical 10’s-100’s µm cantilever dimensions. 
2.3 Cantilever sensors: Operation principle 
Generally speaking, micro-cantilever sensors can be operated in two different ways: 
bending mode [2.24] and dynamic mode [2.25].  Figure 2.3 illustrates these operating 
principles. In the static mode, interactions on the cantilever surface are translated into a 
cantilever bending as a result of changes in the surface stress – this may be due to 
molecular interactions for example where interactions on only one side of a 
micro-cantilever surface will induce a surface stress change resulting in cantilever 
deflection. The relationship between the bending and the surface stress change can be 
written using Stoney’s equation [2.26]: 



2
2)1(3
Et
Lv
z             (2.8) 
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Here Δz is the amplitude of cantilever bending, shown in Figure 2.3.  is the surface 
stress change, v is the Poisson’s ratio, E is the Young’s modulus, and L and t are the 
length and the thickness of the cantilever respectively.  It is clear from equation 2.8 
that, for a given cantilever with fixed mechanical (v and E) and geometrical (L and t) 
values, the cantilever bending is proportional to surface stress. This means the 
performance or the sensitivity of the sensor is determined by the mechanical and 
geometrical properties of the cantilever itself.  For example, the sensitivity of the 
sensor or the bending response to a given biochemical reaction or surface stress is 
proportional to the square of cantilever length ( 2L ), and inversely proportional to both 
the Young’s modulus (E) and the square of cantilever thickness ( 2t ). Consequently, 
increasing the cantilever length, reducing the Young’s modulus (making softer 
cantilevers, e.g. using polymers), and fabricating thinner cantilevers will lead to higher 
sensitivity.  
 
Figure 2.3  Two operating modes for a micro-cantilever sensor: Bending mode and vibration mode. 
In vibration mode operation a change in the resonant frequency of the cantilever is 
monitored. The resonance frequency f
res 
for a simple rectangular cantilever can be 
expressed as [2.27]: 
2
3162.0
l
WhE
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
            (2.9) 
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Where ρ is the mass density, l is the cantilever length; h and W denote the height and the 
width of the cantilever respectively.  The moment of inertia for a rectangular cantilever 
can be written as [2.27]: 
3
3
l
Wh
I                (2.10) 
Alternatively a simpler expression for the resonance frequency can be written as a 
function of the spring constant as [2.27]： 
m
k
f res
32.0
           (2.11) 
Where mass, m=ρhlW and k is spring constant of the cantilever.  The relation shows 
that the resonance frequency increases as a function of increasing spring constant and of 
decreasing cantilever mass.  Therefore a change in cantilever mass will affect the 
system resonant frequency.  In this thesis, only the bending mode will be investigated 
for sensor applications as vibration mode will have damping issues when operating at 
liquid environment. 
In order to use the micro-cantilever concept as a sensing device, it is necessary to 
review fabrication techniques for micron-scale devices.  The most commonly and 
widely used micro-fabrication techniques is optical lithography.  It is suitable for mass 
production and low cost due to high volume output, thus this is the first fabrication 
technology discussed. Alternative techniques that allow greater flexibility in 3 
dimensional fabrications are then introduced, in particular Focussed Ion Beam (FIB) 
milling and laser micro-machining, both of which provide a fabrication route for 
cantilever sensors in this thesis. 
2.4 Fabrication techniques for micro-cantilevers 
2.4.1 Optical lithography 
Optical lithography (or photolithography) is a process used in micro-fabrication to 
selectively remove parts of a thin film or the bulk of a substrate.  It uses light to 
transfer a geometric pattern from a photo mask to a light-sensitive chemical 
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"photoresist", (or "resist,") on the substrate [2.28].  A series of chemical treatments 
then engraves the exposed pattern into the material underneath the photoresist.  Optical 
lithography shares some fundamental principles with photography in that the pattern in 
the resist is created by exposure to light, either using a projected image or an optical 
mask.  The procedure is comparable to a high precision version of the method used to 
make printed circuit boards.  It is used because it affords exact control over the shape 
and size of the objects it creates [2.29], and because it can create patterns over a large 
surface simultaneously.  The main disadvantages are that photolithography requires a 
very flat substrate on the order of ~nm, therefore, limited its application for rough 
surfaces. The requirement for ultra-smooth surfaces also means that it requires 
extremely clean operating conditions to achieve a high yield. 
 
Figure 2.4  Schematic process of photolithography process. 
The standard fabrication procedure of optical lithography usually follows several steps 
(illustrated in Figure 2.4).  The first step is called wafer preparation, which the wafer is 
first heated up to drive off any moisture that may be present on the surface. Then the 
wafer is covered with photoresist by spin coating. The spin coating process typically 
can last for several seconds. The aim is to create a uniform thin layer of several 
nanometers across the surface. The photoresist-coated wafer is then prebaked to drive 
off excess photoresist solvent.  After prebaking, the photoresist is exposed to a pattern 
of intense ultraviolet light to allow the photoresist to be removed by a special solution, 
Sample 
preparation 
Spin coat 
Soft bake Hard bake 
Develop 
UV exposure 
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called a "developer".  During the exposure process, the resist undergoes a chemical 
reaction.  Depending on the chemical composition of resist, the resist can react in one 
of two ways when light interacts with the surface.  The action of light on a positive 
resist causes it to become polymerized where it has been exposed to the light while a 
negative resist exposure to UV-light causes the resist to decompose.  To further harden 
and remove any residue of the developer, the wafer undergoes a post-bake (hard bake) 
process.  During this process, the resist temperature can be controlled to cause a plastic 
flow in the resist which can be desirable for tailoring sidewall angles. Optical 
lithography has become a standard and popularly used technology in semiconductor 
industry.  
2.4.2 Top-down approach to fabricate fibre-top cantilevers 
Photolithography has also been applied to form micron scale features onto the end of 
optical fibres. Low mass gold fiber-top cantilevers have been fabricated via 
photolithography by top-down micromachining techniques [2.30].  The work presented 
in the paper also showed potential for using fiber-top sensors for remote detection of 
biochemical substances after the gold coating layer is activated with bio molecules. 
 
Figure 2.5 Top-down approach to fabricate fibre-top cantilever (from [2.30]). 
The detailed fabrication process is illustrated in Figure 2.5. A standard single-mode 
optical fibre with a cleaved end (Figure 2.5 (a)) is dipped in positive photoresist. The 
thin, flat photoresist layer that remains attached at the end of the dipping step is then 
hardened by keeping the fiber at 105° C for 10 minutes (Figure 2.5 (b)) and exposed to 
UV light via a patterned mask fibre (Figure 2.5 (c),(d)).  After removal of the exposed 
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photoresist areas (resist development), a thin chromium-gold bilayer is evaporated onto 
the surface.  The remaining photoresist film and the top deposited metal are then rinsed 
and removed with methanol (Figure 2.5 (e)), leaving a chromium-gold pattern that has 
the shape of the cantilever.  Finally, the fiber tip was chemically etched to remove a 
few micrometers of silicon dioxide from all the areas that are not protected by the 
chromium-gold bilayer.  The final released cantilever can be found in Figure 2.5(f). 
 
Figure 2.6 Scanning electron micrograph of a fiber-top cantilever fabricated with a top-down approach (from [2.30]).  
Figure 2.6 shows the SEM image of the resultant cantilever fabricated in [2.30]. It 
consists of a metallic structure machined out of a 350nm thick metallic layer (30nm 
chromium plus 320nm gold) that was deposited on top of an optical fiber. Similar steps 
can be followed to produce cantilevers of different dimensions and materials.  This 
technique opens a route for developing a new platform of all-optical user- friendly 
biochemical detectors.  The disadvantage of this technique is that it involves several 
complex fabrication steps, and furthermore, the thin cantilever is fragile and easy to 
break off. 
2.4.3 Focused Ion Beam (FIB) milling 
Another fabrication technique that can be used to manufacture 3 dimensional 
micro-cantilever structures is called Focused Ion Beam (FIB) milling.  This is a widely 
used technique in the semiconductor and materials science fields for micromachining, 
deposition, and ablation of materials [2.31][2.32][2.33][2.34].  FIB typically uses a 
Cantilever 
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Gallium ion beam to scan the surface of a sample in a similar way to an electron beam 
in a scanning electron microscope (SEM).  
The choice of the source for machining is very important.  Ga ions are used in FIB for 
various reasons.  Ga has a low melting temperature and hence it is a very convenient 
material to construct a compact ion gun with limited heating requirement.  The Ga can 
be contained in a small volume so the gun has longer life-time.  Although other 
materials such as Ar (gas) in theory can be used, the brightness of such a gun would be 
far lower and an Ar focused beam of the same size would not be very intense.  Note 
that whatever material is chosen, it needs to be ionized before beam formation and then 
accelerated. Figure 2.7 shows a few examples of FIB machined structure under SEM 
view.  Figure 2.7 (a) and (b) show the trial machining results on an optical fibre by FIB 
in our group, while Figure 2.7 (c) demonstrated the FIB machined structure on silica 
surface [2.33]. 
 
Figure 2.7  (a) SEM view of FIB machined structure, (b) SEM view of 45˚ mirror machined by FIB onto an optical 
fibre, (c) SEM view of micro hole machined by FIB (from [2.33]). 
The most important characteristics of FIB and the subsequent interaction with sample 
are: 
 Ions are larger than electrons. Therefore they can easily penetrate individual 
atoms of the sample. Interaction of ions with sample often results in atomic 
c 
5µm 
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ionization and breaking of chemical bonds of the substrate atoms.  The process 
is how secondary electrons and change of chemical state are created. 
 Ions are heavier than electrons.  In this case, ions can gain a high momentum.  
For the same energy, the momentum of the ion is much larger than electron. 
Once an electron collides with an atom, it can penetrate the electron cloud and 
reach the nucleus of the atom.  As the electron mass is low compared to the 
mass of the sample atoms, the sample atom will hardly move at all.  On the 
other hand, when the ion hits an atom, its mass is comparable to the mass of the 
sample atom and as a result, a large amount of momentum will be transferred.  
 Ions are positive and electrons are negative.  The particles leave the sample 
when irradiated with neutral atoms, positive and negative ions and electrons.  
On average a completely isolating sample such as glass will charge up positively 
because of the incoming positive ion and the outgoing negative secondary 
electrons.  
FIB [2.36] has been shown capable of machining sensing structures on fibre end tips.  
FIB is highly suitable for micro-fabrication due to its small spot size and stable 
operating condition [2.37]. It has been demonstrated for fabrication of two-dimensional 
(2D) structures on optical fibres with nm feature size [2.38].  The approach has been 
extensively used in a number of fibre-based applications, including modification of 
waveguide properties [2.39], micromachining of a micro-notch cavity on the fibre tip 
for interferometric sensing [2.40], and caving of the fibre-top cantilever for atomic force 
microscopy [2.39]. 
The idea of FIB machining micro-cantilever onto the end of optical fibres was first 
proposed by Iannuzzi et al [2.39].  Their initial aim is to use the sensor for atomic 
force microscopy and other physical and chemical research.  The fibre-top cantilever 
relies on the ability to measure the cantilever deflection with nanometer accuracy.  
Figure 2.8 shows the profile of the micro-machined fibre top cantilever fabricated by 
using FIB milling.  The advantages of this structure are that the cantilever and the fibre 
is a single pre-aligned component.  In addition, it is convenient to read out the bending 
 
 
23 
 
signal of the cantilever in space constrained environment.  However, one of the major 
disadvantages is that the fabrication process of the fibre-top cantilever is very 
complicated and time-consuming by using FIB and this adds to the manufacturing cost.  
 
Figure 2.8  SEM view of the fibre-top cantilever machined by FIB (from [2.39]). 
2.4.4 Laser micro-machining 
FIB milling offers excellent machining resolution, but is slow for ‘large’ structures.  
Laser micromachining offers an alternative fabrication route to produce  micron scale 
structures.  The technology is widely reported in recent years [2.40] [2.41] [2.42] 
[2.43].  Normally, laser micro-machining uses a focused optical beam to selectively 
remove material from a substrate creating a desired feature.  Unlike mechanical 
machining techniques, laser machining induces low heat deposition to the work piece.   
The technology is capable of rapid replication of microstructures with a high degree of 
robustness, high throughput, wide range of compatible materials, and ‘low-cost’ 
manufacturing. These features make laser micro-machining an ideal candidate for 
fabrication of micro-cantilever structures. 
Laser micro-machining can be divided into various regimes, nanosecond, picosecond 
and femtosecond, according to the pulse width of the laser.  The mechanism of 
material removal during laser micro-machining includes different stages such as melting, 
vaporization, and chemical degradation (chemical bonds are broken which causes the 
materials to degrade) depending on how the laser energy interacts with the material.  
When a high energy density laser beam is focussed onto the work surface, energy is 
absorbed and the surface is heated.  As a result, molten, vaporized or chemically 
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changed states are formed. The comparison between long pulse and short pulse laser 
machining process is shown in Figure 2.9. 
 
Figure 2.9  Laser machining effect on the same substrate by using ns pulses (left) and fs pulses (right) (adapted from 
[2.43]). 
For a nanosecond laser pulse, material is removed by thermal ablation and local heating 
to the near boiling point.  Figure 2.9 shows that as the laser pulses interaction time 
with material becomes shorter, the laser energy doesn’t transfer to lattice when 
interacting with electronic lattice thus no shock wave and micro cracks will be produced 
during the machining.  Furthermore, the heat affected zone is quite different in each 
case: for longer ns laser pulses, heat is transferred to surrounding material, making the 
machined hole bigger, whilst for fs laser pulses, the heat affect zone is so small that the 
surface roughness of the machined surface is much better compared with ns laser pulses.  
The phenomenon observed shows that longer pulses can deliver more energy and a 
larger machining area at a high speed, however, the machined material can be easily 
melted, damaging the surrounding areas.  In contrast, short-pulsed laser shows 
promising manufacturing advantages due to a small heat affected zone and better 
surface roughness. 
Although femtosecond lasers offer new and promising ways to micro-machine almost 
any solid material, they do have a few drawbacks for industrial applications.  First of 
Surface damage 
Micro crack 
Shock wave 
ns pulse laser 
Debris 
fs pulse laser 
Plasma Plume 
No damage caused to 
adjacent surface 
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all, fs- laser machining is a slow process. Usually, the interaction of laser beam with the 
sample is to modify the refractive index change rather than ablation. Secondly, the 
system contains many more optical components than longer pulse length lasers which 
might influence the stability of operation by environmental conditions like temperature, 
vibrations, etc.  However, on the other hand, fs- lasers can be used for high quality 
applications which are not achievable by traditional laser micro-machining. Table 2.1 
shows the basic property of lasers with different pulse width. 
Table 2.1  Comparison of different laser micromachining techniques. 
  Damage to 
material 
Precision Heat affect 
zone 
Processing 
speed 
Cost 
ns High Low Large Fast Low 
ps Low High Small Fast Medium 
fs Very low Very high Very small Slow High 
To summarise the different pulse widths used for laser micromachining, the choice 
strongly depends on the application. In terms of machining big metal sheets, 
nanosecond pulse or longer pulse duration/Continuous Wave (CW) lasers remain the 
best choice, since they can deliver very high average power of up to tens of kilowatts 
while maintaining a high machining speed.  In terms of small feature size, picosecond 
and femtosecond laser might be ideal candidates because of their low heat affected zone 
and small spot size. 
In micro-cantilever machining, silica, polymer and silica oxide are the commonly used 
materials due to their optical and mechanical properties over other materials. With 
different ultrashort pulse, different feature sizes can be machined to meet the best 
application performance.  For the purpose of micro-cantilever bending measurement, 
polymer materials would be a good choice because of its low Young’s modulus and 
mechanical characteristics. However, a trade-off between high sensitivity and laser 
machined surface quality must be considered before it can be used for practical 
application. 
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One of the most important parameters used for evaluating the machined surface quality 
is called surface roughness which is the arithmetic mean roughness (Ra). It is assumed 
that a roughness profile has been filtered from the raw profile data and the mean line has 
been calculated. The roughness profile contains n ordered, equally spaced points along 
the trace, and yi is the vertical distance from the mean line to the i
th data point. Height is 
assumed to be positive in the up direction, away from the bulk material. Then Ra can be 
defined as: 



n
i
ia y
n
R
1
1
                 (2.12) 
Generally speaking, laser machining is capable of generating a surface roughness of 
mRa 3.0 in stainless steel, mRa 9.0 in Alumina and mRa 434.0 in dielectrics 
[2.45]. When a laser process is used for micro polishing, the average surface roughness 
can be decreased from mRa 112.0 to mRa 015.0 [2.45] by optimizing the 
processing parameters such as pulse energy and scanning speed.  
Surface roughness of machined materials is one of the most important factors that affect 
its application. By using ultrashort (up to 10 ps) laser pulses, many materials can be 
machined to very high precision. The ability to machine such a wide range of materials 
is very different from that of conventional longer pulse lasers. The interaction between 
laser and material is independent of the linear absorption properties of the material and 
is applicable to materials which would otherwise be transparent to the laser wavelength.   
Machining down to micron scale precision with small damage to the remaining material 
is achieved by ablating material faster than heat transferring time. 
Petkov et al. [2.46] employed four different laser milling systems with different pulse 
durations by ablating a field with dimensions of 1 by 1mm in order to investigate the 
relationship between laser pulse widths and surface roughness.  The characteristics of 
the laser sources employed in this experimental study are shown in Table 2.2.  
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Table 2.2  laser source characteristic ([2.47]). 
Laser source Laser process parameter Surface roughness 
(Ra)(μm) 
fs-laser Power:20mW 
Scanning speed:100mm/min 
Fluence:0.25J/cm
2 
 
 
0.35 
ps-laser Power:100mW 
Scanning speed:100mm/s 
Fluence:0.25J/cm
2 
 
 
0.29 
ns-laser Power:10W 
Scanning speed:100mm/s 
Fluence:2J/cm
2 
 
 
0.86 
ms-laser Power:5.2W 
Scanning speed:305mm/s 
Fluence:1.8J/cm
2 
 
2.18 
From the above table, it is clearly that when applying ultra-short pulses, significant 
improvements of surface roughness can be achieved by using ps and fs pulse lasers, 
whereas a marginally better surface quality was achieved when performing laser milling 
with a ps- laser source compared to a fs- laser.  This might due to the non- linear effects 
that usually happen for processing materials in the fs regimes, as well as the specific 
machining materials with the laser wavelength used for machining. 
In order to investigate ps-laser machined surface roughness, an AFM was used to 
measure the surface quality of a machined optical fibre end facet. Figure 2.10 shows 
preliminary measurement results. Surface roughness of the selected area is approximate 
200nm, which indicates that ps- laser is a good choice to improve the surface finish as 
also shown in Table 2.2 from the previous research (detailed discussion will be 
presented in Chapter 4). 
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Figure 2.10  AFM scanned results of a ps-laser machined optical fibre end surface.  
Existing studies show that a trade-off between the surface finish and the material 
removal rate is usually found.  For high surface quality with small material removal 
area, ultrashort pulsed laser might be a good candidate. Therefore, the optimum laser 
parameters used for micromachining need to be investigated for each specific 
application.   
2.4.5 Fs-laser plus HF etching 
Another technique to produce micron scale components is a two-step procedure based 
on femtosecond laser irradiation and HF wet etching (see Figure 2.11).  Typically a 
fs-laser with 250 kHz repetition rate, 800 nm wavelength and 0.1μJ pulse energy is 
focused onto the substrate using a microscope objective.  The pattern used to machine 
the structure is constructed by moving a three-axis stage under the microscope objective 
at a speed of 0.1 mm/s. After exposure, the fiber is then immersed into a 
low-concentration HF aqueous solution for 30 minutes. The patterned areas are quickly 
etched away while the rest of the (undamaged) glass was etched at a much slower rate. 
This approach has been used to fabricate cantilever structures as shown in Figure 2.12. 
The roughness of the machined surfaces is much larger compared with FIB milled 
samples in this case, which could cause problems when optically interrogating the 
system. 
 
 
29 
 
 
Figure 2.11  Fabrication procedure of fibre-top cantilever by fs-laser machining and HF etching ([2.48]). 
 
Figure 2.12  Fibre-top cantilever machined by femtosecond laser under SEM ([2.48]). 
The whole manufacturing time by using this technique is ~90 minutes.  It has potential 
for mass production, since the laser processing time can be optimized to be on the order 
of 1 minute with the aid of automatic setup alignment.  Furthermore, multiple fibres 
can be laser machined and wet etched simultaneously. However, the surface finish by 
using this technique is not optimum for optical interrogation.   
2.4.6 Ferrule-top micromachined micro-cantilever 
FIB milling provides sufficient machining resolution however it is not suitable for 
cost-effective mass production due to its slow machining process.  On the other hand, 
laser machining technique doesn’t quite achieve sufficient resolution for most of the 
applications where fibre-top sensors may be used.  An all-optical micro-machined 
device obtained by carving a rectangular mechanical beam out of the end of a ferruled 
optical fibre is proposed [2.50].  The device offers the advantage of a much lower 
production cost. A standard single-mode optical fibre is inserted and glued into a 
cylindrical ferrule made out of glass.  The outer diameter of the ferrule is typically 1.8 
 
 
30 
 
mm.  The diameter of the hole along the axis of the cylinder is 127μm.  The ferrule is 
machined by a ps-laser to form a rectangular cantilever at the tip with mm dimension 
[2.50] .  Figure 2.14 shows the side view of machined structure and also a 3D model of 
cantilever indicating the optimum machined result. 
 
Figure 2.13  Fabrication process of ferruled fibre cantilever ([2.50]). 
 
Figure 2.14  Microscope image (side view) and 3D model of the cantilever ([2.50]). 
This new ferrule top optical fibre cantilever does have the same spring constant as the 
conventional micro-cantilever because of the dimension. In addition, the fabrication 
process presented here is very reproducible, thus making it a cost-effective way for 
industry application. However, the increased dimension compared with fibre-top 
cantilever limits the application of the sensor in space constrained environment. 
2.4.7 Application of cantilever sensor: Casmir force measurement 
By using the similar fabrication techniques to fabricate the ferrule-top cantilever, a 
Casimir force sensor is demonstrated by Iannuzzi et al. [2.51]. The sensor can be used 
to measure the gradient of the Casimir force between a gold-coated sphere and a 
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gold-coated plate by using the similar experiments achieved by AFM.  The fabrication 
process and the resulting cantilever structure are illustrated in Figure 2.15.  An optical 
fibre is inserted into the ferrule and machined to a rectangular cantilever structure. The 
detailed machining process can be found in the previous section. 
 
Figure 2.15  Fabrication steps for Casimir force measurement by ferrule-top cantilever, above: fabrication steps, 
below: side view of resultant ferrule-top cantilever structure ([2.51]). 
 
Figure 2.16 Sketch of experimental setup used to measure the Casimir force ([2.51]). 
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The Casimir force is measured between a plate and a sphere attached to the ferrule-top 
cantilever as shown in Figure 2.16. A laser is coupled into both the fibre and the 
cantilever. The detected optical signal is transformed to an electronic signal and 
processed for later use. The plate is attached to a piezoelectric stage for fine tuning the 
separation between the two interacting surface.  Casimir force measurements are 
carried out following a method similar to that described in [2.51]. 
The benefit of this sensing design is that the sensor does not involve any electronics on 
the sensing head. Therefore, allowing future studies of the Casimir effect in engineering 
regardless of the measurement environments. A minor disadvantage is that the 
interrogation method mentioned in [2.52] needs to bring the measuring distance to 
quadrature point of Fabry-Perot (FP) spectrum, and precisely tune the laser wavelength 
to the quadrature point, in which case optical intensity fluctuation might be an issue. 
2.4.8 Build up techniques (laser additive manufacturing) 
Laser Additive Manufacturing (LAM) refers to a process by which a digital 3D model is 
used to build up a component in layers by depositing material.  LAM overcomes the 
limits imposed by conventional production techniques. It is more flexible than 
traditional machining since AM builds up components layer by layer using materials 
which are available in fine powder form thereby is it possible to modify the internal 
structure of components.  
With LAM, three-dimensional micro-photonic structures can be fabricated directly onto 
the end face of an optical fibre using the cross- linkable resist SU-8.  A fabrication 
process developed in [2.53] can be described as follows: mount (Figure 2.17A) an 
optical fibre to be affixed and positioned within a vacuum-baked SU-8 resin at a 
targeted depth, then transferred onto a three-axis nano-positioner for laser machining. 
Micro-optical structures can be fabricated onto the end of a single-mode fibre by 
dipping the fibre into the resin. The resin mold was then transferred to a hot plate heated 
and cooled down to form the final structure.  The whole process can be found in Figure 
2.17. 
 
 
33 
 
 
Figure 2.17 Fabrication procedures to create three dimensional structure onto the end facet of an optical fibre [2.53]. 
The next step is to photo-pattern micro-optic devices, using a computer program to 
control the exposed pattern. After that, samples are baked to cross- linking temperature.  
Then structure is cooled down and cleaned, leaving a free-standing micro-structure 
remained on the substrate.  The SEM images of different micro-structures created on 
the end of an optical fiber by in SU-8 resin are shown in Figure 2.18. 
 
Figure 2.18 (A C) Plano-convex lens having radius of curvature R = + 18.3μm viewed (A) down the fiber axis and (B, 
C) from the side. (D, E) Cylindrical lens having R = +15.7μm. (F) - (H) Compound micro-optic system consisting of 
a suspended plano-convex lens [2.53].  
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This fabrication method can be used to create new micro-optical structures with a high 
degree of undercut and complex shape directly onto an optical fibre.  Similar 
techniques could be employed to build up micro-cantilevers on top of an optical fibre.   
However, at the moment, most of the materials to be fabricated are polymer resins, 
which limit further applications of silicon and metals based micro-devices.  
2.4.9 Summary 
Other fabrication techniques which can be used to manufacture a micro-cantilever 
include EDM (Electro Discharge Machining) [2.54] and LIGA [2.55] (Lithographie, 
Galvanoformung, Abformung). In many cases, several technologies can be combined 
together to fabricate a single sensor.  Below is a table of major techniques that can be 
used to machine micro-cantilever structure. It summarises the advantages and 
disadvantages of the major fabrication technologies (Table 2.3). 
Table 2.3  Summary of advantages and disadvantages of major micro-machining technologies. 
 Advantage Disadvantage 
Optical lithography High precision (Extreme Ultra Violet 
up to 26nm) 
Mass production 
Suitable for industry, repeatable 
Resolution is confined by 
diffraction limit, multi-step 
process, time-consuming 
LIGA High precision 
Machine complicated structure 
High aspect ratio 
High cost  
Not compatible with standard 
integrated circuit fabrication 
EDM Ability to machine almost all  
conductive materials of   
any hardness 
Small feature size 
Less debris  
Slow material removal rate  
Difficult to be repeatable  
High power consumption 
Not suitable for dielectric  
FIB High precision  
Optical surface finish 
Not suitable for  narrow line cut 
Slow processing rate  
Sample need to be conductive 
Laser 
micromachining 
Fast and easy 
Cost-effective 
High material remove rate 
Relatively low repeatability 
Thermal damage 
Contamination on the surface 
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2.5 Interrogation techniques for micro-cantilever 
2.5.1 Piezoresistive method 
Several interrogation techniques have been proposed to measure cantilever deflection or 
resonant vibration.  One popular method is to use piezoresistive materials as the 
sensing element [2.56].  Piezoresistive materials allow a straightforward way to 
convert bending signal, i.e. surface strain of micro-cantilever to an electrical output.  
The principle uses the resistivity changes of piezoresistive elements to allow 
measurement of differential surface stress.  A piezoresistive material is embedded near 
the top surface of the cantilever to record the stress change occurring at the surface of 
the cantilever.  As the micro-cantilever deflects, it suffers a stress change that will 
apply strain to the piezoresistor, thereby causing a change in resistance that can be 
measured by electronic means.  The piezoresistor material in the beam must be put as 
close to one surface of the cantilever as possible for maximum sensitivity.  The relative 
change in resistance as function of applied strain can be written as: 
tl KK
R
R


                     (2.12) 
where K denotes the gauge factor, which is a material parameter.  R is the resistance 
and ΔR is the change of resistance. L and t refers to the longitudinal, the transversal 
part of the gauge factor and δ is the strain in the material. The sensitivity of a 
piezoresistor varies proportionally to the thickness t and the radius of curvature.  The 
gauge factor is proportional to Young’s Modulus E, which is the intrinsic characteristic 
of material.  The gauge factor can also be calculated directly by straining the 
cantilevers and measuring the resistance change. 
 
R
R
K

                  (2.13) 
K is the total gauge factor. The piezoresistive cantilever beam can be used as an arm of 
the wheatstone bridge circuit as shown in Figure 2.19. 
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Figure 2.19  The Wheatstone bridge circuit used for the piezoresistive micro-cantilever. V0 is the input voltage while 
ΔV is the output voltage change. R1, R2, R3 and R0 +ΔR are the resistance in each arm. 
The resistance of the variable resistance arm R0 +ΔR in the above figure can be 
determined by using the common Voltage divider formula [2.57]: 
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By detecting the voltage change ΔV (due to a resistance change whenever the 
cantilever is subjected to a deflection), the mechanical stress of the cantilever can be 
deduced. 
The advantage of the piezoresistive method is that the readout system can be integrated 
easily while the disadvantage is that the electric readout current is affect by changes in 
ambient temperature.  Furthermore, the electrical method can be sensitive to electronic 
noise pickup, particularly in an electromagnetic environment. 
2.5.2 Optical Beam deflection measurement technique 
As a result of the drawbacks of electronic interrogation techniques, researchers started 
to find other possible approaches to address the issues.  An optical read-out method 
was developed to measure the bending signal.  The most widely used technique is 
V0 
R1 
 
R2 
 
R3 
ΔV 
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called the optical beam deflection method [2.58]. The technology uses a Position 
Sensitive Detector (PSD) to measure the position of a cantilever surface with a reflected 
beam. The position of the beam spot on the PSD encodes the surface stress induced 
deflection of the cantilever.  The technology is highly sensitive with a deflection 
measurement resolution usually up to ~nm. However, it usually needs precise alignment,  
while the measurement equipment is usually bulky and complicated thus limits its 
application.   
The optical beam deflection method is a popular way to detect the bending information 
by using a PSD.  The main sensing configuration is shown in Figure 2.20. A diode 
laser beam with low power is introduced; therefore, it does not affect the biomolecular 
coating on the surface of the micro-cantilever.  The laser beam falls on the cantilever 
and reflects from the gold coated cantilever top surface.  The PSD receives the light 
reflected from the cantilever surface.  When the cantilever is at zero position, i.e. it is 
not coated with any molecule, the laser beam would fall on a particular region on the 
PSD, when the cantilever deflects, the position of the beam changes, which in turn, will 
fall on another location on the PSD.  The position information will be converted to 
electrical signal and then converted to cantilever deflection. 
 
Figure 2.20  Schematic diagram of an optical beam deflection system. 
Laser Diode 
Cantilever 
Position sensitive detector 
Incident laser 
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The advantage of this detection system is that it is capable of detecting deflection in the 
sub-nanometer range.  However, the presence of the focused laser beam in a liquid cell 
environment can result in additional thermal management issues giving rise to 
extraneous readings.  Secondly, the alignment system is expensive and involves great 
precision, which can ultimately raise the cost of the whole detection system.  
To address these problems, an interferometer readout method is proposed by creating a 
Fabry Perot cavity onto the end of an optical fibre.  The benefit of such a device is that 
it does not require any mechanical alignment procedure.  In addition, nm detection 
resolution can be achieved as a result of the high sensitivity of the interferometry 
technique [2.59].  The idea can be further expanded to micro-cantilever arrays, where 
the deflection measurement range is improved to sub-nanometer [2.60]. 
2.5.3 Interferometic method 
The limitations of the traditional optical beam deflection methods can be overcome by 
using the interferometric arrangement.  Normally an optical fibre is set a few microns 
away from the free end of the micro-cantilever to measure deflection in the range of 
0.01 Å [2.61].  Examples of this include a Fabry-Perot interferometer that is set up to 
reliably read out the bending of micro-cantilever arrays in liquid and gaseous 
environments [2.62].  Interferometric methods are highly sensitive while providing a 
direct and absolute measurement of displacement.  However, the positioning of the 
fibres sometimes remains a difficult task.  
2.5.4 Optical intensity based interrogation 
An alternative route to interferometry is to use an intensity based measurement 
approach.  An example of this is presented by Su and Elliot [2.63] who demonstrated a 
low-cost, high-sensitivity, all- fibre micro-cantilever sensor, fibre-to-tip micro-cantilever 
sensor (FTMS) (Figure 2.21).  In their design, an nm size fibre tip serves as both 
micro-cantilever and miniaturized light probe. A sub-nanometer displacement of the 
fibre-top cantilever is achieved by measuring the light intensity that it receives from an 
aligned single-mode fibre (SMF).  An estimated resolution of 2 Å could be 
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implemented to detect very small vibration signal and opens new methods for 
inexpensive fibre-optic micro-cantilever sensing.  However the design is susceptible to 
any other intensity variation for the whole optical system. 
 
Figure 2.21 Experimental setup of fibre tip cantilever: (a) experiment set-up, (b) Microscopic view of aligned fibre tip 
with SMF, (c) Microscopic image when transmitting light from SMF to a tapered optical fibre [2.63]. 
In summary, micro-cantilever interrogation techniques can be categorized mainly as 
either electronic or optical readout methods.  Electronic readout is not always 
compatible with the environment where measurements must be performed.  
Furthermore, the fabrication often involves complicated and expensive processes. On 
the other hand, optical fibre techniques can easily combine the sensing probe and 
interrogation as a single element. They can also survive in harsh environment.  
However, the technology generally requires an inconvenient alignment procedure that 
can represent a major technical challenge for applications beyond standard experiments.   
2.6 Interferometer interrogation techniques 
In this section, the basic idea of interferometer interrogation techniques will be briefly 
reviewed.  Detailed discussion of interferometer interrogation techniques will be 
covered in Chapter 3. 
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2.6.1 Free spectral range detection method 
Most commonly the absolute cavity length is determined using a white-light 
interferometer (WLI). Here a broadband source (BBS) is injected into the optical cavity 
(in our case the fibre-optic FP sensor). The absolute cavity length can be obtained by 
measuring the peak wavelengths spacing between two adjacent peaks.  Suppose λ1, λ2 
are two adjacent peak wavelengths (see Figure 2.22). According to the interference 
theory, we have: 
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where L is the absolute cavity length, 
1m and 2m  are the two neighbouring fringe 
numbers and have the following relationship: 
121  mm                          (2.18) 
In this case, L can be derived by the following equation: 
)(2 12
21




n
L                        (2.19) 
where n is the refractive index of measured material. From equation 2.19 we know that 
the FP cavity length can be calculated by reading the adjacent peak wavelengths.  The 
advantage of the peak-to-peak method is that the output sensing signal is in wavelength, 
thus it’s not affected by intensity fluctuations due to optical source fluctuation and 
changes in connecting fibre losses, connectors, etc.  In addition, the interrogation 
doesn’t involve complicated mathematical calculation. However, the peak-to-peak 
algorithm has some drawbacks.  First of all, the resolution of the algorithm is 
determined by the resolution of optical spectrum analyser (i.e. the means of determining 
the peak wavelengths).  Secondly, the spectral profile of the broad band source is 
typically not flat. Therefore, the actual peak wavelength position of interfered signal 
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will deviate from the real position and add an error on the measured cavity length.  A 
modified algorithm is proposed by Zhang et al. to reduce the effect of light source 
profile [2.64]. The algorithm is demonstrated to have improved the demodulation 
accuracy significantly.   
Another way to solve this problem is to make use of more of the available data using the 
Fast Fourier Transformation (FFT) algorithm which will be discussed in the following 
section. 
 
Figure 2.22  Schematic diagram of Peak-to-Peak method to determine the cavity length. λ1, λ2 are two adjacent peak 
wavelengths of a Fabry-Perot spectrum. 
2.6.2 Fast Fourier Transformation interrogation method 
The FFT algorithm was first proposed by the Cooley and Tukey in 1965 [2.65]. The 
algorithm soon gained wide application in signal analysis, image processing and many 
computation science fields.  In the optic fibre sensor field, the FFT has been employed 
for interrogation of FP cavities [2.66].  When a WLI is considered, the output signal 
can be treated as two beam interference. Thus the intensity of interfered signal I can be 
expressed by the following equation: 
)
1
22cos( 
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  LVCI            (2.20) 
Where C is a constant value, V is the visibility of the fringes and L is the measured FP 
cavity length.  From equation 2.20 we know that the spacing between each fringe will 
decrease as measured cavity length increases. The real cavity length of FP by 
calculating the FFT peak frequency can be written as: 
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where v is the frequency of the light beam, c is the speed of light. From equation 2.20 
and equation 2.21 we have: 
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Assuming that v is an independent variable, by using FFT, the frequency
Lf of the above 
function can be derived: 
c
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                            (2.23) 
So the cavity length L can be easily derived from the above equation: 
2
LcfL                             (2.24) 
Compared with the peak-to-peak method, the FFT interrogation algorithm greatly 
reduces the DC noise, at the same time there is no signal distortion due to the spectrum 
fluctuation.  By increasing the FFT sampling number, the calculated FFT frequency 
peak will be more accurate and this will reduce the measurement error of the cavity 
length. 
2.6.3 Discrete Gap Transformation Algorithm 
The Discrete Gap Transformation (DGT) algorithm was first proposed by Musa in 1997 
[2.69]. The algorithm calculates the cavity length by transforming the wavelength 
information into frequency domain. The optical intensity signal in frequency domain 
can be written as:  
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Where I(L) is optical intensity related with cavity length and I(r)(v) is the optical 
intensity as a function of v. Combining with equation 2.21, we have: 
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mL is the transformation cavity length of FP , )(
)( nI r  is the interfered spectrum 
intensity in accordance with n , which is the n
th wavelength of the whole spectrum.  If 
we square the absolute value of the intensity signals: 
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The above equation will generate a maximum value when LLm  , here L is the real 
cavity length. DGT realizes the direct transfer from wavelength to cavity length.  
Therefore it’s more straightforward than the FFT algorithm. In addition, DGT doesn’t 
require a rigorous sampling process, thus reduces much of the error produced by an FFT.  
However, the drawback of the DGT is obvious. There is no fast algorithm with DGT, 
which means that it will take longer to calculate, therefore, it’s not suitable for   
practical use.  
2.7 Summary and discussion 
The optical fibre cantilever sensors reviewed in this chapter were initially designed to 
investigate real time biological binding process that can be used for new drug discovery 
and food pathogen detection.  Conventional biosensors are capable of detecting the 
binding between each bio-molecule, however, they usually need several days and 
multi-steps processes.  Furthermore, in some cases, the sensitivity of the sensor doesn’t 
meet the application requirement. Therefore, a sensor which can monitor the binding 
process with a shorter response time and high sensitivity while keeping the process 
simple and easy would be ideal.  Because of the advantages of optical fibre sensor, 
these requirements have become practical: investigating the possibility of making a 
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cantilever onto a single mode optical fibre.  In this case, measurement can be finished 
by detecting the binding induced deflection that applied onto the cantilever surface.  
The design of cantilever structures onto an optical fibre has brought the challenge of 
fabricating this small element with good optical and mechanical proprieties. For this 
purpose, different fabrication techniques for making micro-cantilever structures are 
reviewed. Optical lithography is a useful technique for semiconductor industrial mass 
production, however, within the dimension of a standard single mode optical fibre, it is 
difficult to produce cantilevers with good mechanical properties for bioanlyte binding. 
Previous studies have shown that FIB techniques to manufacture small feature size with 
optical surface finish are possible. Some of them have demonstrated the possibility of 
using this technique to produce a single cantilever device onto optical fibres, however, 
the process is slow and expensive thus makes it unsuitable for mass production.  
Therefore, it is necessary to investigate new fabrication techniques that can not only 
address the previous issues but are also potentially suitable for industrial mass 
production.  
It is important to investigate interrogation techniques for optical fibre cantilever sensors, 
since this will determine the suitable resolution for the cantilever deflection 
measurement.  To assess the techniques, both electronic and optical interrogation 
approaches are reviewed in this chapter. Traditional electronic approaches using 
piezoresist are capable of high sensitivity measurement, but are generally not suitable 
for operation in a liquid environment.  Optical beam deflection approach is a good 
candidate to solve this problem. With a cheap laser diode sending a beam onto the 
reflecting cantilever surface, the beam can be detected and processed by a PSD with nm 
deflection resolution.  However, the alignment of the laser beam with respect to the 
cantilever surface makes the system time-consuming to construct.  In addition, the 
whole system is bulky compared with an optical fibre, which sometimes is less 
competitive for commercial sensor requirements.  With this motivation, the approach 
of combining cantilever structures with interrogation by an optical fibre is proposed in 
this thesis to meet the sensing requirement for bioanalyte binding. Based on this 
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structure, temperature and pH sensing is explored. To further extend the sensing 
capability, multi-axis cantilever accelerometer is also design and manufactured for 
sensing in a space constrained environment. 
2.8 Conclusion 
In conclusion, the general concept of sensing was introduced in this chapter and 
followed by the discussion of a more advanced biosensor and fibre optic sensor.  For 
the purpose of finding the presence of specified bioanalyte and the interaction between 
different biomolecule, optical fibre cantilever sensors are proposed as a 
micro-mechanical transducer to transfer biological energy into mechanical force.  
In the following chapters, interrogation techniques together with different applications 
of optical fibre cantilever sensors, e.g. biomolecule binding, chemical sensing and 
acceleration measurement will be investigated. The detailed design and fabrication 
techniques of optical fibre cantilever sensors developed in this thesis for this range of 
applications will be described. Proof-of-concept demonstration of optical fibre 
cantilever based sensors will be presented for temperature, acceleration, pH and 
biological binding measurement. 
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Chapter 3 
Cavity length measurement 
In this thesis it is proposed to use interferometry to monitor the deflection of the 
cantilever.  The optical cavity is formed between the cantilever and the end face of an 
optical fibre.  In order to interrogate the deflection signal the cavity length between the 
cantilever surface and fibre end surface needs to be determined.  The cavity length will 
change as the cantilever deflects.  By monitoring the cavity length change, physical or 
chemical sensing parameters can be demodulated depending upon the means of 
sensitising the cantilever.   
In this chapter, the fundamental principle of the Fabry-Perot (FP) interferometer, which 
is used for micro-cantilever interrogation, will be introduced first.  Most of this is 
based on well-known FP interferometry, therefore it is important to review FP theory 
before moving on to the implementation and development for the particular application 
to cantilever sensors.  
3.1 Optical Interferometry 
In this thesis, an interferometer refers to an optical system that makes use of the 
principle of interfering light waves. Combining waves with the same frequency, the 
resulting pattern modulated by the phase difference between these waves can be divided 
to: waves that are in phase undergo constructive interference while waves that are out o f 
phase undergo destructive interference.  By using interfermetery method, precise 
measurements of very small distances and thicknesses can be measured, including 
surface roughness in optical devices such as mirrors. There are many different types of 
optical interferometer including Mach-Zehnder interferometer [3.1], Sagnac 
interferometer [3.2], Michelson interferometer [3.3], and Twman-Green interferometer 
[3.4]. 
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A simple case of optical Michelson interferometer is shown in Figure 3.1. A single 
incoming beam from a coherent light source is split into two identical beams by a beam 
splitter (a partially reflecting mirror).  Each of these beams travels a different route, 
and recombined before arriving at a detector.  The path difference, which is the 
difference in the distance traveled by each beam, creates a phase difference Δφ between 
the two beams.  The observed intensity I is a function related to this phase difference 
and is given by [3.5]:  

 Ln
IIIII


4
cos2 2121                       (3.1) 
I1 and I2 are the intensity of the two interfered arm respectively. ΔL is the optical path 
difference, n is the refractive index and λ is the wavelength of the light. In this case, the 
interference can be recorded by the photodetector (PD) (shown in Figure 3.1). 
Assuming a typical 633nm He-Ne laser system, the phase change can be calculated by 
equation 3.1. In the air environment, a phase change of 2π equals to 316.5nm 
displacement of M1.  The same principle can also be applied for fibre optics [3.6]. 
 
Figure 3.1  Basic set-up of an interferometer. Source refers to a laser, M 1 is the moving mirror and M 2 is a fixed 
mirror respectively. Interferogram of the two beams are detected by a photodector (PD). 
Source 
PD 
M1 
M2 Beam splitter 
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3.2 The Fabry-Perot Interferometer 
The micro-cantilever optical fibre sensor proposed in this thesis will essentially operate 
as an Fabry-Perot interferometric cavity formed between two reflective surfaces. This 
arrangement will be practical for an optical fibre cantilever sensor. The first cavity 
reflective interface can be defined by the end face of an optical fibre, the second by a 
reflecting portion itself.  
The cavity length can be determined by analysis of the peak positions in the reflection 
spectrum or by FFT analysis of the reflection spectrum [3.7].  However before starting 
to investigate micro-cantilevers for sensing applications, it is helpful to first get an 
understanding on the origin of the interference effect that can be used for cantilever 
deflection measurement. 
3.2.1 Theoretical analysis of the FP interferometer 
In general the FP interferometer makes use of multiple reflections between two closely 
spaced partially reflecting surfaces. Part of the light is transmitted at each interface,  
resulting in multiple beams which can interfere with each other.  A schematic diagram 
of an FP intereferometer in optical fibre is shown in Figure 3.2. 
 
Figure 3.2  Schematic diagram of an FP interferometer. 
Considering an FP interferometer formed in a standard optical fibre, assuming a 
low-coherence light source, such as (S)LEDs and halogen lamp as a broadband source 
suitable for illuminating an extrinsic FP interferometer (EFPI) formed by two reflecting 
surfaces.  Analysis of the reflected (or transmitted) spectrum will result in fringes with 
a spacing that is characteristic of the cavity length. Now, consider each reflecting 
R1 
R2 
Optical   fibre Reflecting surface 1 Reflecting surface 2 
Incidental light 
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surface to be ‘low’ reflectivity (few percent) then the low finesse two beam assumptions 
can be made, i.e. ignore higher order reflections inside the cavity.  
Assuming that the optical intensity I of the light source at wavelength λ  is 
approximated by a Gaussian function [3.8] with the following equation:  
])2/()(exp[
)2(
)()( 2202/1
0
00 

 


I
fII       (3.2) 
 
Figure 3.3  Example of a model spectrum of Gaussian light source spectrum. 
and f(λ) is the spectral distribution of light source: 
])2/()(exp[
)2(
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f         (3.3) 
where λ0 is the central wavelength, and Δλ= ΔλFWHM / (8ln2)
1/2.  I0 is the output power 
at λ0.  A typical model spectrum is shown in Figure 3.3.  Then, in the two beam case, 
the reflected intensity Ir is given by [3.8] : 
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Here η is the coupling coefficient. α is a normalised constant. R1 and R2 are the 
reflectivities of the Fabry-Perot surfaces respectively. n0 is the refractive index and L is 
the Fabry-Perot cavity length. If a free space cavity is considered then the coupling 
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coefficient will depend on the cavity length due to the divergence o f the free space 
beam which can be written as: 
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0 ]
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                       (3.5) 
w is the light beam diameter in the fibre. In this case, the total reflecting intensity I 
received by spectrometer is: 
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where BW is the FWHM spectrum width andΔλ is the source spectrum width.  
equation 3.6 is the standard expression for most FP systems.  This equation represents 
most of the key factors in the optical system, such as the cavity length, source central 
wavelength and bandwidth, reflectance of surfaces, and optical loss. In terms of a 
cantilever interrogation system, an important parameter we need to mention is fringe 
visibility.  A high visibility usually means a good optical system. The fringe visibility 
γ is defined with the following equation in [3.9] : 
minmax
minmax
II
II


                         (3.7) 
Where I
min 
and I
max 
are the minimum and maximum intensities of the optical interference, 
respectively.  This can be rewritten in terms of our system parameters: 
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It is clear that the cantilever sensor’s visibility relies on the surface reflectivity, the 
coupling coefficient and the cavity length.  Higher fringe visibility normally means 
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higher performance in terms of sensitivity and this will help improve the accuracy when 
demodulating the cavity length.  
In this thesis, the cantilever is either machined by laser or fabricated by attaching an 
additional polymer layer, thus the surface reflectivity are usually smaller than Fresnel 
reflection for a fibre to air interface.  The cavity length between the fibre end surface 
and cantilever surface will also affect the visibility of the sensor.  The direction of the 
incident beam needs to be aligned accurately with respect to the interfered surface to 
maintain high finesse interference. This is particularly important with highly reflecting 
surfaces where small misalignments may lead to poor visibility.  Therefore, low 
reflectivity partially scattering surface can give an improved tolerance to the reflected 
angle and may be preferable despite the lower reflected intensity coupled back into the 
fibre.   
There is also a trade-off regarding the nominal cavity length.  A large cavity length 
may lead to lower reflected power while a small cavity length may be difficult to 
analyse accurately since the reflection spectrum will contains fewer fringes over a given 
interrogation wavelength range.  Overall, it is important to find the optimum cavity 
length and surface reflectance to achieve optimum visibility and this is considered in the 
following sections. 
3.2.2 Effect of surface reflectance on FP interferogram 
Following the equation 3.8 in section 3.1.1, the effect of surface reflectance on the 
visibility of the interferogram can be determined as a function of cavity length.  For a 
low-finesse interferometer, the sensor with higher reflectance interfaces has higher 
return intensity.  However, this doesn’t necessarily mean a better visibility.  In some 
situations a low-finesse interferometer can achieve better visibility with two weak 
reflectors rather than that with higher reflectance. 
Figure 3.4 shows the modeled visibility due to different surface reflectivities based on 
equation 3.8.  In this thesis, R1 is the reflectivity of a micro-machined surface (or 
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cantilever surface), and is normally smaller than an ideal 4% Fresnel reflection.  R2 is 
the cleaved optical fibre facet with a standard Fresnel reflectivity of 4% between the 
fibre to air interface.  Three most commonly used cases are plotted in Figure 3.4 and 
from the figure, sensor visibility is potentially greater than 90% for all three cases when 
the cavity length is smaller than 40µm.  As the cavity length increased, the visibility 
drops quickly due to beam divergence.  In practical operation, cavity lengths around 
10µm are usually chosen because at this point, enough fringes can be used to determine 
the cavity length accurately while maintaining a high visibility.  In addition, a short 
cavity length is more stable to environmental noise; therefore, improve the overall 
performance of the sensor. 
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Figure 3.4  Modelled cavity length versus visibility as reflectivities change. Black line: both surface reflectivity are 
0.04, Red line: surface reflectivities are 0.03 and 0.04, Blue line: surface reflectivities are 0.025 and 0.04. 
3.3 Broadband illumination interrogation scheme 
The typical interrogation scheme requires broadband illumination (SLED or lamp), a 
means of delivering the light to the sensor and returning the reflected signal to a 
spectrometer.  
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3.3.1 Ocean Optics Spectrometer 
The Ocean Optics S2000 Spectrometer (Ocean Optics, Co. Ltd) [3.10] includes the 
linear CCD-array optical detector, plus a diffraction grating to disperse the spectrum 
across the array.  The result is a compact, flexible system, with no moving parts, that's 
easily integrated as an OEM component.  It interfaces to computer and other embedded 
controllers through USB 2.0 or RS-232 communications. The S2000 spectrometer used 
incorporates a high-sensitivity 2048-element CCD array. The S2000 is a 
microcontroller-controlled spectrometer, thus all operating parameters are implemented 
through software interfacing to the unit. 
A broadband light source and a microscope objective are used to couple light into the 
optical fibre. In our case, the fibre used is a HP 780 optica l fibre (Thorlabs, USA).  
Compared with standard 1550nm, the shorter wavelength may provide more sensitivity 
as phase changes which can be seen in equation 3.1. This will in turn provide a higher 
sensitivity for the cavity length measurement.  Furthermore, the CCD is silicon based 
detector, therefore, it cannot work at longer wavelengths.  The useful spectrum of the 
BBS (halogen lamp) is from 304nm to 1024nm. The benefit of using a lamp as a light 
source is that the inteferogram can be viewed over a very broad range of wavelengths 
and this is a cost-effective solution for industry applications.  The BBS provides more 
spectral information; therefore, more fringes can be used to demodulate the cavity 
length by using FFT algorithm.  The more fringes it contains, the more accurate the 
FFT peak will be.  Unfortunately the optical power delivered into the fibre by a lamp is 
low, so care is needed in setting up the system to maximize light coupled into the fibres.   
3.3.2 Optical fibre cantilever sensor interrogation arrangement 
The experimental set-up for optical fibre cantilever interrogation is shown in Figure 3.5, 
where a bulb lamp is used as a Broad Band Source (BBS) and an Ocean Optics 
spectrometer (S2000) is employed to measure the reflected interferogram.  Light is 
coupled to the cantilever via a 780nm 22 coupler.  Index matching gel is applied to 
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the unused coupler arm to avoid any reflected light from this fibre.  A typical example 
for the measured interferogram is shown in Figure 3.6. 
Figure 3.5  Experiment set-up of an optical fibre sensor interrogation system. Light from a bulb lamp is coupled into 
the fibre via a micro objective lens. The zoomed in part shows that 1 and 2 are the two interfered surfaces for a 
fibre-top cantilever.                                                                                           
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Figure 3.6 Interferogram from a 54.5µm cavity length found between two reflected surfaces with normlised light 
source spectrum. 
As the surface reflectivity is low in this case, a low finesse interference assumption is 
used.  For a two beam interference, the final intensity    can be expressed as: 
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where I0 is the input light intensity, V is the visibility, n is the refractive index, λ  is the 
wavelength and φ0 is the initial phase. The cavity length can be obtained by analyzing 
this reflection spectrum, either by analysing the position of the peaks of the 
interferogram (i.e. a measure of the free spectral range) or by converting to the optical 
frequency domain and using FFT to find the dominant frequency associated with the 
free spectral range which determines the cavity length.  
3.4 FFT cavity length demodulation technique 
3.4.1 LabView introduction 
In chapter two, the FFT algorithm was introduced as a means to analyse an 
interferogram produced by FPI.  Here the focus is on the software implementation of 
the FFT technique using LabView. With flexible software design, it is easy to use 
LabView to develop an interface between hardware and the host computer. It’s also a 
powerful and effective tool to perform real time monitoring task. In this thesis the 
cantilever cavity length is calculated and then real-time deflection is recorded/displayed 
by bespoke LabView program. 
3.4.2 Cavity length determination by LabView/FFT 
In terms of demodulating cavity length of an FP cavity, the FFT is an efficient method 
to extract fringes per spectral unit.  Although it’s simple to implement, special care 
still needs to be paid to provide reliable pre-processing steps reducing the error and 
accurately transferring the data for final cavity length measurement. LabView software 
is used here to determine cavity length and can be summarized with the following steps 
as shown in Figure 3.7. 
 
 
 
61 
 
 
Figure 3.7  Schematic diagram of cavity length determination procedure. 
Spectral information is first converted to the frequency domain. This is the prerequisite 
for an FFT transform.  The original data are recorded in the wavelength domain and it 
should be noted that the frequency interval between each data point is not uniformly 
spaced, since

1
will reduce the interval gradually. Therefore, in order to reconstruct the 
interferogram in the frequency domain, it’s necessary to resample the signal with a 
suitable sampling rate for the FFT process later.  Data padding is used to add sufficient 
data points to find the FFT peak with an improved accuracy.  After this process, a 
Gaussian curve is used to fit the experimental data by a least-square-mean algorithm to 
find the dominant frequency of interest.  The detailed LabView code for each step is 
shown from Figure 3.8 to Figure 3.11. 
In Figure 3.8 the source spectrum is acquired and pre-processed. The dash rectangular 
box shows a flexible way to select a range of wavelength of source spectrum and filter 
the spectrum noise when necessary.  
Convert to 
frequency 
domain 
Re-sample 
Data 
padding 
Gaussian 
curve fit 
FFT peak 
find 
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Figure 3.8  LabView VI to normalise the light source spectrum. Saved light source data are read and divided to 
wavelength and intensity information and processed by LabView VI. 
Figure 3.9 shows the LabView algorithm used to normalise the interferogram signal. 
The Pre-processed source spectrum from the previous step is directly used for 
normalisation and preparation of the signal for the next step: changing wavelength 
information to frequency domain.  This step is shown in Figure 3.10 where the data is 
resampled.  In our case, a second-order polynomial function was used to fit the 
resampled data. Resampling spacing will also affect the accuracy of the final cavity 
length. When reducing the sampling spacing, the error made by curve fitting will reduce 
and thus the original spectrum is well reconstructed. 
Read source spectrum 
Signal processing on Spectrum if necessary  
Processed source 
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Figure 3.9  LabView VI to normalise interferogram. A block of read VI is used to acquire measured data and 
processed by Extract Portion of System VI.  Data are then normalized and programmed for next step shown in 
Figure 3.10. 
 
Figure 3.10  Resampling and pre-FFT VI. Wavelength spectrum is converted to frequency and a resampling VI is 
used to interpolate data points before using FFT to find the peak position. 
The final step is to use the FFT algorithm to calculate the peak frequency position and 
determine the cavity length. The LabView code for this step is shown in Figure 3.11. 
Here, an extract portion VI (Virtual Instrument block used in LabView) is used to select 
Read interferogram  
Normalise  interferogram  Select measurement data 
Resampling 
the spectrum  
Convert wavelength to 
frequency  
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the sampling data for the FFT and a peak detection VI with several detection algorithms 
is used to determine the FFT peak position.  A polynomial fit is used to fit the curve 
and calculate the peak position and convert this peak to the cavity length. 
 
Figure 3.11  LabView VI of FFT calculation and cavity length determination. The resampled data is employed for 
FFT and a peak finder VI is used to determine the peak position and convert it to cavity length in µm. 
FFT processing VI 
Select measurement data 
Find the peak 
Calculate the cavity length in µm 
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Figure 3.12  LabView software panel of cantilever interrogation system. The spectra are shown in both wavelength 
and frequency domain. Cavity length can be calculated using FFT and displayed in the left side of the panel. 
The bespoke interrogation software for real-time interrogation is shown in Figure 3.12. 
Both the wavelength and frequency domain signals are clearly exhibited.  At the left 
side of the panel, cavity length in µm is displayed with several adjustable parameters. In 
a practical application, a user friendly interface is necessary to allow a customer to view 
useful information and the function on front panel can be extended according to 
customer’s needs. 
3.4.3 Discussion of FFT algorithm errors 
The first potential error in determining the cavity length is due to the data sampling rate. 
As the maximum detectable frequency is defined by Nyquist frequency, a correctly 
measured frequency must be sampled at least twice the maximum frequency of the 
signal.  Failure to meet this condition will lead to aliasing, in which case low 
frequencies are observed due to the too coarse sampling of data.  In a real case, the 
Nyquist theory is only used as a guide, much more data is necessary for a reliable FFT 
analysis.  Error also exists after converting wavelength data to frequency domain for 
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resampling process.  As these discrete data in frequent domain are not evenly spaced, 
interpolation is usually necessary by add sampling data to obtain an equal sampling 
interval between each data. The frequency of the FFT can be defined as: 
   
  
 
                             (3.10) 
Where fs  is the Nyquist frequency and N is the sampling number.  From equation 
(3.10) the cavity length information can be extracted from FFT peak position.  Once 
the FFT analysis is finished, the peak frequency which corresponds to the Free Spectral 
Range (FSR) [3.9] can be extracted.  To gain maximum accuracy from the peak data, a 
function, e.g. Gaussian function is fitted to the data to determine the peak value.  The 
accuracy of this stage can be greatly affected by the number of data points within the 
FFT spike.  For a typical interferogram with 2000 data points the FFT peak will 
contain 8-10 data points (shown in Figure 3.13), thus the peak position of the fit will 
greatly influenced by individual points. 
One option to increase the number of data points is zero-padding the data after 
re-sampling but pre-FFT.  To do this, zero value data points are added to the original 
interferogram data.  In this way, the sampling interval of the FFT over the region of 
interest is greatly reduced and the number of data points within the FFT peak is 
increased.  This can give a much more accurate peak position.  The method is 
effective but does increase the computational power and time required for the process.  
From Figure 3.14, by using zero-padding, the interval of sampling data is reduced, 
therefore, the number of data points contained in the FFT frequency spike is increased.  
This offers more information to fit a Gaussian curve and therefore, gives a more reliable 
result to determine the peak position.  It should be noted that, the fitted curve after FFT 
is not an ideal Gaussian shape shown in Figure 3.14.  This is because that surface 
finish of cantilevers used here is not as good as a mirror, thus more noise will be 
contained in the interferogram.    
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Figure 3.13  (a) FFT intensity versus sampling data without zero-padding with Gaussian fit. (b) Zoomed in area of 
Gaussian fitted FFT peak position. 
 
(a) 
(b) 
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Figure 3.14  (a) FFT intensity versus sampling data after zero-padding with Gaussian fit. (b) Zoomed in area of 
Gaussian fitted FFT peak position. 
The FFT algorithm only considers the periodicity of the interferogram in the spectral 
domain and ignores the phase information contained in the spectral signal.  Therefore, 
the cavity length error can be further reduced by considering the exact interferogram 
phase.  In the later section, a new algorithm to recover the phase information in the 
spectrum signal and improve the overall system performance will be investigated.  
3.4.4 Evaluating cavity length interrogation system performance 
To evaluate the cantilever interrogation software performance, a cleaved optical fibre 
and a mirror are employed to build a simple FPI.  Both the fibre and the mirror are 
mounted onto an optical bench to avoid mechanical movement.  The temperature drift 
(a) 
(b) 
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during the experiment was less than 1 ˚C, measured by a thermocouple.  Fringes were 
then recorded and analysed by the interrogation system.  The software monitored the 
gap length between the fibre and the mirror surface.  Figure 3.15 shows the absolute 
cavity length over a 1000 second period.  The maximum cavity length deviation is 
18.5nm and the calculated r.m.s. error is ±8nm. This demonstrated the possibility of 
using low-cost lamp source and S2000 spectrometer to achieve a nanometer 
displacement measurement.  
 
Figure 3.15   Cavity length fluctuation over 1000s period 
To assess the dynamic response of the system, the following experiment was set up to 
monitor the gap length between the fibre and mirror (shown in Figure 3.16).  A 
cleaved optical fibre was mounted onto a translation stage with a moving mirror used to 
approach the fibre at a constant speed.  The movement of the actuator was controlled 
using a piezoelectric driven translation stage.  For calibration purpose, a Renishaw 
ML10 position sensor with a resolution of 1nm was used to monitor the position of the 
piezoelectric translation stage.  Figure 3.17 shows the demodulated cavity length 
change by optical fibre cantilever sensor interrogation system over a movement range 
up to 4.5µm monitored by Renishaw ML10 displacement sensor.  A linear fit is used to 
Mean:25.266μm 
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find the relation between cavity length measured by ML10 and the interrogation system 
developed here.  The residual error of the cavity length change can be seen in the insert 
in Figure 3.17.  The maximum error shown is 60nm with a calculated r.m.s. error of 
~23nm.  The large error might due to the vibration of accelerate and decelerate the 
translation stage from one position to another.  According to the specification, the 
transition stage has a repeatability of ±40nm, which will lead to the instability of the 
measured cavity length. 
 
Figure 3.16  Experimental set-up of ML10 position sensor used to calibrate the optical fibre interrogation system 
developed in the thesis. 
Laser source 
PZT controlled Translational stage 
Reflecting prism 
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Figure 3.17  Movement of Renishaw ML10 displacement sensor versus cavity length change acquired by optical 
fibre cantilever sensor interrogation system. The calibrated ML10 movement is from 33.75µm to 38.5µm. The insert 
displays the cavity length residual error over a measurement range of ~4.5µm. 
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Figure 3.18  Modeling and measured cavity length change versus interferogram visibility. 
The minimum detectable cavity length is determined by the spectral width of light 
source, in our case, the FWHM is ~100nm.  By using the equation below, the 
minimum cavity length d is calculated to be ~3µm. 




n
d
2
2
                      (3.11) 
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where λ is the central wavelength, Δλ is FWHM of the light source and n is refractive 
index.  Figure 3.18 plots the fringe visibility changes versus cavity length changes for 
both theoretical modelling and measured data.  In the short cavity length region (cavity 
length <50μm), the measured visibility matches with the modelling results.  It can be 
seen that the fringe visibility is higher than 0.6 in this region. As the cavity length 
increases, measured visibility drops more quickly than the model result. When the 
cavity length is approaching 132µm, the fringe visibility drops down even more quickly 
and the fringes disappeared when the cavity length is larger than 132µm.  It is assumed 
that at this point the intensity of light coupled back into the fibre is too low to produce 
measurable interference using the S2000. This is probably because that when increasing 
the cavity length, the returned power from the fibre facet is much higher than from the 
mirror surface.  Therefore the intensity of the two interfered beams is unbalanced, 
making it more difficult to observe the fringes against the background intensity.  
Therefore, in this case, fringes disappeared and only the reflected spectrum from the 
optical fibre end facet is observed as shown in Figure 3.19 below. 
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Figure 3.19  Spectrum of a 133µm cavity length between the optical fibre and the mirror. Interferogram disappears, 
only the reflection spectrum of optical fibre end facet is observed. 
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3.5 Phase recovery algorithm 
3.5.1 Concept of phase recovery 
The spectral domain technique [3.11] used here is a common way to determine the 
cavity length from an interferogram.  For precise measurement, the accuracy and 
sensitivity usually depend on the parameters of the sensor itself and on spectral signal 
processing.  Here we propose an additional phase recovery method to improve the 
accuracy of cavity length measurement. 
We know that when transferring the interferogram to the optical frequency domain by 
FFT, only the real part intensity information is used.  If the imaginary phase 
information can be used to recover the signal, more information can be acquired to 
determine the cavity accurately. This can further stabilize the cavity length and improve 
the resolution of readout system. An example of normal FP spectra in both wavelength 
and frequency domain is shown in Figure 3.20. Detailed discussion of FFT algorithm 
can be found in Chapter 2. 
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Figure 3.20  (a) Spectrum from a normal FP interferometer and (b) Spectrum after using FFT displayed in frequency 
domain. The FFT peak position is related with cavity length information in wavelength domain. 
3.5.2 Cavity length recovery and analysis 
By using the FFT method, it is possible to recover the cavity length from the FFT peak 
frequency position; however, when this length is used to regenerate the cavity length 
there is often a discrepancy between this new model interferogram and the real data in 
the wavelength domain.  For high sensitivity measurement this discrepancy may lead 
to a significant error.  The aim of phase recovery is to minimise the measurement error 
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by assessing the least mean square error between the modeled and the measured 
interferogram, and varying the recovered cavity length until the model and experimental 
data match.  
First, the cavity length L obtained from the FFT analysis is used to reproduce a model 
FP interference fringe.  A small wavelength shift is evident between the measured and 
modeled spectrum, which is shown in Figure 3.21(a).  A least-mean-square algorithm 
is used to find the minimum error position between the modeled and measured cavity 
length for small variations in the cavity.  Figure 3.21 (b) shows that the least square 
mean error between the model and experimental spectrum is found at a wavelength shift 
of 51nm.  This means that in order to get an accurate cavity length, the experimental 
cavity length in Figure 3.21(a) needs to shift by 51nm.  From Figure 3.21(c), the 
modeled spectrum based on this revised cavity length after using the phase recovery 
algorithm is closer to the experimental spectrum. Figure 3.21(d) shows the improvement 
for a cavity length error before and after applying the phase recovery algorithm; here the 
absolute cavity length fluctuation is reduced by nearly ten times.  The maximum cavity 
length deviation after phase recovery algorithm is within 2~3nm, whereas the r.m.s. 
error is 0.87nm, based on data in Figure 3.21(d).  This means the cavity length error 
produced by FFT algorithm could be reduced to nanometer range by using phase 
information contained in the interferograms. 
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(c)                                              (d) 
Figure 3.21 (a) Experimental spectrum and model based on starting cavity length recovered from FFT algorithm. (b) 
Plot of least mean squares fit between experimental and modeled data versus a small shift in cavity length around the 
FFT value. (c) Comparison between model and experimental after phase recover process applied, (d) Noise 
measurement over 80 scans for a stabilized cavity length before and after phase recovery algorithm. 
A nano-stepper is employed to vary the cavity length up to 20µm with 500nm intervals.  
The cavity length change versus residual error is plotted in Figure 3.22.  The error 
before phase recovery is around ±20nm while after phase recovery this reduced to 
±10nm over the whole measurement range.  The error is still larger than we previously 
demonstrated for a static cavity length.  The repeatability of the nanostepper is ±20nm, 
with a resolution of 10nm.  We assume that this might be the contribution of the error 
after phase recover. 
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Figure 3.22  Residual error of at different cavity length between two reflected surfaces. Red dots show the residual 
error before phase recover with a maximum error ~20nm while black squares represent data after phase recovery with 
an improved error of ~12nm. 
3.6 Evaluation of FPI based interrogation system 
In this section, the FP based interrogation system has been employed to demodulate the 
cavity length which is associated with cantilever deflection. A number of interrogation 
techniques have been discussed in Chapter 2. These include an optical beam deflection 
technique, an optical intensity based technique and an FSR fringe counting technique. 
The optical beam deflection technique tends to have a high sensitivity in terms of the 
deflection measurement.  However, the drawback of this technique is obvious that it 
usually involves time consuming alignment of the laser beam before detection. The high 
sensitivity of this technique is determined by the noise level and resolution of the PSD.  
Another issue with optical beam deflection technique is that the position of the laser 
beam needs to be accurately determined in order to calculate the deflection of the 
cantilever.  A small fraction of misalignment may lead to a deflection error.  In terms 
of optical intensity based interrogation, it is measuring the proportion of light which can 
be coupled to the fibre from the deflection cantilever.  Therefore, it can be easily 
disturbed by the environment.  A tiny vibration of the cantilever may lead to a 
fluctuation of received power.  In addition, the sensitivity of the system is lower than 
both optical beam deflection and interferometry technique. 
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The FPI based interrogation system was investigated in this chapter.  Compared with 
other techniques, it has a number of advantages for practical applications.  First of all, 
a highly sensitive interferometry technique was employed to improve the sensitivity of 
the deflection measurement.  In our system a short wavelength (centered around 
780nm) is used to offer improved resolution compared with operation at longer 
wavelengths.  Secondly, an FFT algorithm was used to determine the cavity length by 
finding the peak position in the frequency domain.  In practice, the interferogram of a 
cantilever sensor is a superimposition of all FP cavities and because the surface of the 
FP is not always as good as an optical mirror, fringes can be quite complicated.  In this 
case, it’s impossible to count the fringes and calculate the cavity length.  By 
transferring the spectral information to the frequency domain, the FSR can be 
determined.  The third advantage of spectral based FPI we used here is that by using a 
wide spectral range commercial lamp, the number of fringes within the spectrum is 
maximised.  The more fringes use, the more accurate the FFT analysis will be. 
By building up the cantilever interrogation system and software, the overall 
performance of the system has been evaluated. This was done first by simulating the 
FPI to find the suitable operation cavity length range and then validating the system 
with a commercial Reinishaw ML10 nanoposition sensor.  The final r.m.s. resolution 
of the interrogation system was proved to be ±15nm.  The additional noise may come 
from light source spectrum fluctuations as well as the algorithm used to determine the 
cavity length.  The phase recovery algorithm further improved the system resolution to 
a few nm, which is approaching the resolution achievable using the S2000 spectrometer. 
This error is quite close to the high sensitive optical beam deflection technique. From 
the experiment, it seemed that using the FSR to determine the rough cavity length and 
tuning the interferogram by the Least Square Mean (LSM) position can improve the 
system resolution nearly ten times. The system is capable of measuring bending of the 
cantilever in practice, however, since spectral information is acquired and averaged for 
a few ms to reduce the system noise, high speed vibration measurement is impossible 
using this system. However, lower speed deflection measurement is acceptable for 
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biomedical application, where measurement of cantilever bending needs to be more 
precise to monitor bio-molecular binding process, but would be unsuitable for any high 
speed dynamic system. 
A number of methods can be used to further improve the resolution and stability of the 
interrogation system.  A wider bandwidth light source can be used to improve the 
accuracy of FFT peak fitting which thus improves the accuracy of cavity length 
measurement.  Another approach is to compensate for the system noise by introducing 
a reference cantilever.  
3.7 Conclusion  
In this chapter, FPI theory was introduced, which is essential to unde rstand the 
operational principle of the optical fibre cantilever demodulation system. The surface 
finish is also discussed to help optimise the fringe visibility.  After that the basic 
experimental set-up for a standard optical fibre cantilever interrogation system is 
described.  The system can offer potential robust and low cost interrogation for 
industrial application. An FFT algorithm is used to determine the cavity length and this 
is essential for cantilever bending measurements talked about in the later chapters. The 
measured cavity length error calibrated by a Reinishaw ML10 position sensor is around 
±15nm and after using the phase recover algorithm, this error can be further reduced to 
~2 nm in a stable air flow environment.  This provides a suitable interrogation system 
for testing a wide range of fibre based cantilever sensors. 
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Chapter 4 
Micro-machined Fibre-top cantilever sensor for physical and chemical 
applications 
In this chapter, the design and manufacture of micro-cantilevers onto the end of optical 
fibres are explored. The use of optical fibres offers a route to miniaturise the sensor 
configuration and allow measurement of real- time bending of micro-cantilevers in order 
to enable various sensing applications, including temperature sensing, chemical sensing 
and biomedical applications. Design and manufacture of micro-cantilevers for 
temperature and pH sensing will be investigated in this chapter. 
4.1 Fabricating a fibre-top cantilever 
As discussed in Chapter 2, laser micro-machining is one promising route to fabricate 
micro-devices. Larger dimension ferrule-top cantilevers have been demonstrated by 
Iannuazzi’s group in 2007 [4.1], however, direct fabrication of cantilevers on optical 
fibres with reduced processing times for low-cost and mass production is still 
challenging.  Here the combination of FIB and ps- laser laser machining is used to 
manufacture optical fibre tip cantilevers, which can be used for temperature and pH 
sensing.  Before we start to investigate sensing applications of micro-cantilevers, it’s 
helpful to have a general introduction of ps- laser and FIB milling systems used in this 
thesis. 
4.1.1 Introduction to ps-laser machining 
The ps- laser machining system is shown in Figure 4.1. This is a Trumicro 5x50 laser 
system, with an output pulse width of 6 ps, and a maximum repetition rate of 400 kHz. 
The laser beam is first expanded by a telescope (to allow for beam diagnostics) and is 
then reflected by two 45˚ steering mirrors into the scan head.  Inside the scan head, the 
beam is focused by an objective lens onto the work stage.  The structure inside the 
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laser scan head is presented in Figure 4.2, where two butterfly mirrors scan two 
orthogonal directions and provide the ability to move the beam in 2 dimensions. 
 
Figure 4.1 TruMicrops-laser ps-laser machining system set-up 
 
 
Figure 4.2 Beam inside the laser scan head 
The work stage is a precise computerised three dimensional stage, with travel in X, Y, 
and Z directions.  The minimum travelling distance for each direction is 0.1µm. It 
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should be noted here that any obstacles along the travelling range can stop the 
movement of the stages unexpectedly and cause an error that can lead to misalignment 
of the stages.  In the ps-laser fabrication experiments discussed throughout this thesis 
the 343nm emission wavelength is selected as our working wavelength, due to the 
transparency of fused silica in this region. In this case, most of the energy will be 
transferred from radiation into material machining via two-photon absorption [4.2]. 
One of the important parameters in laser machining is the Depth of Focus (DOF) which 
refers to the distance over which the focused beam has approximately the same intensity.  
It is defined as the distance over which the focal spot size changes by ±5% using the 
current set-up, the minimum spot size of the ps- laser system is ~10µm. Thus we can 
calculate the DOF by the following equation [4.3]: 


2
2
008.0
M
D
DOF                             (4.1) 
Here D0 is the diameter of laser spot size, M is the laser quality factor, and λ is the 
incident laser wavelength.  For our system the DOF is approximately 100µm, which 
means that when machining, we require better than 100μm alignment in the beam 
divergent direction.  This is the same scale as the fibre diameter, which makes it easy 
to remove material within this scale.  The longer the DOF, the more straightforward it 
is to find the focal distance of the laser beam, and thus makes it much easier to remove 
material.  In addition, a longer DOF will keep the workpiece in a machining region 
despite small changes in focus, or movement of the workpiece.  However, a longer 
DOF will lead to larger focusing spot size, and this in turn affects the minimum 
machined feature size.  Therefore, there is always a compromise between DOF and the 
minimum beam spot size. 
In terms of material removal from optical fibres, the laser will stop machining at a 
certain depth or even fail to remove any material if the wrong focal distance is used.  
Determining the correct focal distance with tens of micrometers DOF is crucial before 
starting. 
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Usually, the focal distance is determined by the Numerical Aperture of the focusing lens. 
Theoretically, the focal distance can be calculated using Gaussian beam propagation 
theory. However, the actual beam presented to the focusing lens might not be a perfect 
Gaussian distribution, and any deviation of the transmitting laser beam from the centre 
of the lenses will lead to an additional error.  
4.1.2 Fabrication process 
Part of the laser machining of micro-cantilevers is a collaboration wok with F Albri, a 
former PhD student in Applied Optics and Photonics Groups.  The machining process 
combines rapid manufacturing afforded by the ps-laser machining process with the 
optical quality offered by FIB for key parts of the cantilever structures.  
In this work, up to 10 fibres can be machined in close succession.  With suitable 
system developments the number of machined fibres could be vastly increased 
(hundreds).  The laser processing is performed using 6ps pulses with energy of 10µJ 
per pulse and a focused spot of ~10μm diameter. The beam is focused on the work piece 
via a galvanometer (galvo) scan head to quickly and accurately move the focused spot 
across the fibre.  In this case, the work stage doesn’t have to move at all.  Machining 
accuracy is therefore dependant on the stability of the butterfly mirrors in the galvo scan 
head.  Another issue found during the experiment is that the repeatability of the work 
stage during alignment will affect the machining process.  Even a very small position 
error will lead to failure of the machining.  In our experiments the laser beam is 
translated at up to 100 mm/s with a pulse repetition rate of 40 kHz which is optimised to 
be the best machining parameters.  A microscope objective is used for detailed process 
monitoring.  Detailed laser micro-machining work can be found in Frank’s thesis. 
The detailed machining process is illustrated in Figure 4.3.  First, the fibres were 
cleaved, cleaned and then mounted in a V-groove holder.  Then the laser beam ablated 
the top cleaved surface of the fibre and removes material to form a ridge.  The fibre 
was then rotated to allow the cantilever to be fabricated from this ridge by removing a 
section beneath it, shown in Figure 4.3(b).  It should be noted that at this stage it is 
important to control the alignment of the machined surface, which will form the 
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reflective surface of the cavity associated with laser cutting process.  A rotation mount 
allows the fibre to be aligned appropriately to compensate for the tapering angle caused 
by laser beam.  The resulting cantilever is shown in Figure 4.3(d), which is 110μm 
long, 18μm wide and 8μm thick.  These dimensions are approaching the limitation of 
our fabrication process primarily due to errors in mechanical alignment and laser 
positioning. 
 
Figure 4.3 Outline laser machining process to form fibre tip cantilever, (a) ps-laser machines a ridge onto cleaved 
fibre (top view), (b) ps-laser under-cuts to form free standing cantilever (side view), (c)SEM view of machined ridge, 
(d) SEM view of ps-laser machined cantilever. 
The FIB milling process is used to make cantilevers thinner in order to improve the 
mechanical sensitivity.  After the laser machining process, the machined cantilever 
was coated with a 20nm gold layer in order to reduce electrostatic charge accumulation 
during the FIB process.  FIB machining was then carried out on a dual-beam FIB 
system (FEI Quanta 3D FEG).  The fibres with cantilevers remained on the same 
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mounting block used in the laser processing to avoid any misalignment during transit 
between machining stations.  The stage can tilt in the electron- ion beam plane from 
-15˚ to +75˚with a minimum of 0.1º increments. The prepared cantilever was aligned 
horizontally on the stage.  The stage was tilted to 52.0˚ at the eccentric height to ensure 
correct alignment relative to the ion beam axis.  The SEM was placed to the fibre side 
for real-time monitoring of the fabrication process.  
The milling process starts with a beam acceleration voltage of 30keV and a current of 
15nA.  A narrow rectangular scanning pattern of 110µm long and 2µm wide is used to 
thin the cantilever as shown in Figure 4.4(a).  The pattern is aligned with the ion beam, 
first milling a parallel cut with respect to the cantilever. The cut is not all the way 
through the cantilever, instead a small connection is left with the main part.  This 
approach of forming a temporary ‘shield’ between the cantilever and the fibre core is 
used to mitigate against material re-deposition onto the cantilever bottom surface during 
polishing of the core surface.  Then a second cut around the hinge vertical to the 
cantilever is used to release the ‘shield’ thus forming the final cantilever.  Due to 
gravity these materials will fall off automatically after the second cut. 
The benefit of using the laser/FIB dual process is that the polishing time is reduced 
down to less than 20 minutes for cantilevers of these dimensions after ps-laser 
machining, a significant reduction in FIB machining compared with forming the 
complete structure using FIB.  In order to verify the surface finish of the final polished 
cantilever, an AFM is used to investigate the surface quality.  Figure 4.4(c) shows the 
topography of the inner cantilever surface.  The surface roughness Ra of FIB machined 
surface is measured to be in the nm range.  This FIB step is important to control the 
amount of optical scatter to provide high quality interferograms for measuring 
cantilever deflection as discussed in the previous chapter. 
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Figure 4.4 (a) SEM view of an optical fibre cantilever during FIB machining.  The zoomed in part shows the 
direction of laser scanning beam applied on the optical fibre. (b) Final machined optical fibre cantilever under SEM 
view. (c) AFM measured surface roughness of bottom cantilever surface as indicated by the red arrow. 
4.1.3 Surface finish study 
The surface quality using ps- laser alone is sufficient to carve out a basic cantilever 
structure but this is still too rough to offer the required reflectivity to form an optical 
cavity.  For this purpose, post processing of optical features using FIB is essential to 
achieve an optical surface finish.  The combination of ps- laser machining and FIB has 
delivered a cantilever structure that we can use for temperature and pH sensing, 
depending on the dimension required for individual applications. The overall sensing 
performance is mostly affected by the machined surface finish and cantilever dimension. 
Ideally, laser machining without the involvement of FIB or other process would be 
advantageous, and will lead to fast and low-cost manufacturing. However, this is limited 
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by the capability of laser machined feature size, in this case, 6-8µm. Thus it’s important 
to understand the relationship between machining principles and surface finishes in 
order to create a practical cantilever for sensing applications. 
To understand ps- laser machined surface finish, a Corning SMF-28 single mode 
standard telecommunication optical fibre is used with a cladding diameter of 125µm, 
and core diameter of 9µm.  The main material of the fibre is fused silica: a 
noncrystalline (glass) form of silicon dioxide (quartz, sand).  Typical of glasses, it lacks 
long range order in its atomic structure.  The  advantages of the fused silica when used 
for sensing applications is that it has very good chemical inertness, low thermal 
expansion, while having good UV transparency and low dielectric loss.  Figure 4.5 
shows the transmission spectrum of fused silica. 
 
Figure 4.5  Transmission spectrum of fused silica [4.3]. 
In order to achieve the best surface finish, different laser parameters have been tested 
whilst machining. These include laser power, repetition rate, scanning speed and 
machining direction. The fibre is clamped into a V groove mount perpendicular to the 
cutting direction. First of all, 40 kHz repetition rate, 100mm/s scanning speed and an 
average laser power of ~6W are used to cut a SMF-28 single mode fibre. The fibre is 
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cut 200 times all the way through.  The schematic laser cutting process is shown in 
Figure 4.6. 
 
Figure 4.6  Schematic view of ps-laser cutting of a SMF-28 single mode fibre.  
The actual laser movement while cutting is shown in Figure 4.7.  A straight line of 
400µm is used to cut the cleaved fibre in order to make sure that the laser beam covers 
the whole cross section of the fibre.  The same parameters are used to cut the fibre and 
the surface finish of the cross section is investigated later.  Here, 40 kHz repetition rate 
equals to a 25µs pulse interval.  As the scanning speed of laser is 100mm/s and the 
spot size of the laser is 10µm, here is a 2.5µm spot overlap.  The effect of this overlap 
can smooth the cutting surface by giving extra thermal energy to the surface, reduc ing 
roughness. 
 
Cross section view of the 
optical fibre 
Pulsed laser with certain repetition rate interacts with fibre, spot size 10µm 
Laser moving direction 100mm/s 
Fibre holder 
125µm 
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Figure 4.7  Schematic diagram of laser movement when cutting. 
Figure 4.8 shows the surface roughness of a ps-laser cut fibre compared with a cleaved 
fibre measured by AFM.  The calculated surface roughness Ra of ps-laser cut fibre end 
surface is 423.293nm whereas a cleaved fibre end surface is only 18.269nm, which is 
much smoother than the ps- laser cut fibre end facet. Figure 4.9 shows the microscopy 
view of a ps cut fibre end facet.  A post fabrication process which use high voltage 
fusion splicing technique can be used to improve the surface quality [4.5] by melting the 
surface and cooled down. As a result of the surface tension, the surface finish tends to 
be smoother. 
 
Figure 4.8 (a) A manually cleaved SMF-28 fibre measured by AFM, Ra: 18.269nm. (b) ps-laser cut fibre end facet 
measured by AFM, Ra: 423.293nm.  
(a)                                          (b) 
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Figure 4.9 The ps-laser machined SMF-28 fibre viewed by a light microscope. 
The machined surface roughness indicates the surface quality that the ps-laser can 
achieve. The quality of the surface finish is crucial for interrogation, since an FPI will 
be created including at least one of the laser machined surfaces.  In this case, an optical 
quality surface down to ~nm with high reflectance would be required to achieve a high 
visibility for signal read-out.  The laser parameters to cut the fibre are based upon the 
best surface roughness we achieved.  Usually Ra is calculated to be several hundred 
nanometers and this number seems to approach the ps- laser machining limitation of 
fused silica with our experimental set-up.  Previous procedures usually involve 
expensive and slow FIB milling process, which has been demonstra ted to be unsuitable 
for mass production (see Chapter 2). On the other hand, ps-laser machining can provide 
fast material removal rate which is a potentially low-cost, fast process suitable for 
industrial mass production. The fabrication techniques developed in this chapter 
combine the merits of the two technologies. That is: first use ps- laser to machine 
cantilever structures onto the end of an optical fibre then polishes the optical surfaces by 
FIB milling.  This approach can give us an optical surface finish for interrogation 
while reducing the total fabrication time. 
 
 
 
50μm 
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4.2 Mechanical response of micro-machined cantilever  
To test the behaviour of the cantilever as a micro-displacement sensor, the cantilever is 
mounted onto a translation stage.  A second fibre is used as an actuator approaching 
the cantilever tip to apply a linear deflection.  A schematic view of optical fibre tip 
cantilever calibration set-up is shown in Figure 4.10.  The movement of the actuator is 
controlled using a piezoelectric driven translation stage.  For calibration purposes, a 
Renishaw ML10 position sensor with a resolution of 1 nm is used to monitor the 
position of piezoelectric translation stage.  By using similar interrogation technique 
discussed in Chapter 3, experimental data is acquired and processed. 
 
Figure 4.10  Optical fibre cantilever actuation experiment set-up. A cover box is used to isolate the system from 
ambient environment. Zoomed in part shows microscopy view of an actuating fibre is approaching the optical fibre 
cantilever from right.  
Figure 4.11(a) shows the cantilever deflection over a range of 9000 nm. The maximum 
residual error of the cavity length (compared with ML10) is around 10 nm and a 
calculated r.m.s. error is ±8.9 nm, which means our interrogation system is capable of 
detecting cantilever deflection change up to a few nanometers.  A single wavelength 
laser based interrogation system is used to acquire the dynamic optical signal when 
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applying a triangular voltage to the piezoelectric driven translation stage.  As shown in 
Figure 4.11(b), the response signals from a single wavelength laser interrogation system 
is cosinusoidal while the actuating fibre is in contact with the cantilever and displacing 
it over several fringes, as we would expect. 
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(a) (b) 
Figure 4.11 (a) Measured cavity length change by optical fibre cantilever interrogation system versus ML10 with the 
residual error shown, (b) Dynamic response of micro-machined cantilever: top trace shows return from the cavity 
monitored at a single wavelength, bottom trace shows the piezoelectric driving voltage signal. 
4.3 Optical fibre-top cantilever for temperature sensing 
One of the applications for optical fibre-top cantilever is temperature sensing. Although 
it is well established, it’s a useful demonstration of the capability of using an optical 
fibre cantilever as a temperature sensor.  
Similar to the bimetallic effect [4.6], the thermal coefficient of expansion mismatch 
between the two components of a sandwiched layer can be used to provide displacement 
as a function of temperature.  A fused silica cantilever with a metal layer coated on one 
surface will generate a tip deflection due to the temperature change.  The deflection of 
the cantilever beam d could be written by the following equation: 
2/2kLd                            (4.2) 
Here k is the curvature of the cantilever bending and L is the cantilever length. By using 
the equation presented in [4.6], we have: 
In contact 
Not in contact Not in contact 
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Where r is the cantilever bending radius, t1 and t2 are the thickness of aluminium coating, 
b1 and b2 are the width of coated area of the cantilever, α1 and α2 are thermal expansion 
coefficient of coating material and substrate, E1 and E2 are the Young’s Modulus of 
aluminium and fused silica respectively, and ΔT is the temperature change.  Using 
equation 4.3, cantilever tip deflection can be easily calculated. 
During the experiment the machined cantilever is first evaporated with 4 nm chromium 
(Cr) to aid adhesion and then coated with ~500 nm aluminium.  Aluminium is chosen 
due to its high thermal expansion coefficient, and ease of deposition.  It is assumed 
that the aluminum tends to oxidase to aluminium dioxide (Al2O3) in the presence of air 
with a few nanometers thickness, however, the deflection caused by this additional layer 
is very small, and can be ignored.  For high temperature sensing applications, metals 
with a higher melting point will be required.  
4.3.1 Temperature sensing 
After the top surface of a cantilever was functionalized, the machined optical fibre 
cantilever was placed into a ceramic tube furnace (LENTON-1200) for temperature 
cycling.  The tube was then sealed by filling insulating material in order to keep a 
stable thermal environment.  A thermocouple is employed to monitor the temperature 
change next to the cantilever as shown in Figure 4.12. The schematic configuration of 
applying heat to a fibre-top cantilever sensor is shown in Figure 4.13(a). It can be seen 
that cantilever will bend down due to the different thermal expansion for aluminium and 
fused silica. The cooling down curve of the furnace from 500°C is also shown in Figure 
4.13(b). 
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Figure 4.12  Experiment set-up of the optical fibre cantilever temperature sensing system. 
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Figure 4.13  (a) Schematic configuration of fibre-top cantilever temperature sensing. (b) Furnace cooling time vs. 
temperature change. Furnace is allowed to cool down from 500°C. Above 100°C the temperature drops quickly and 
as temperature goes lower, the cooling process becomes slower. 
The furnace is first heated up to 500˚C and then held at this temperature for half an hour 
to allow uniform temperature distribution to form in the ceramic tube.  For each 
temperature cycle the furnace is switched off and allowed to cool down naturally.  The 
cantilever deflection during cool down period is recorded by the interrogation system 
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mentioned in Chapter 3.  Here we assume that the aluminium coating layer covered the 
whole fused silica cantilever, the structure is uniformly heated and no other additional 
forces are applied on the cantilever.  The zero deflection position of the cantilever is at 
room temperature.  In our case, all the experiments start at room temperature of 20˚C.  
We assume the cantilever deflection towards the fused silica side indicates an increase 
in deflection.  
The measured temperature change versus cantilever deflection is plotted in Figure 4.14. 
The red solid line represents the modelled response based upon the model presented in 
reference [4.6], whereas the black squares indicates the measured data. When the 
temperature increases, a compressive surface stress is applied to cantilever due to the 
thermal expansion difference between Aluminum and fused silica.  
We believe that the mismatch between the model and linear fit of measured data is 
probably due to several reasons: The coating layer may start to delaminate at higher 
temperature.  The fabricated cantilever is not a perfect rectangular beam with uniform 
thickness, which will change the mechanical characteristic and finally laser 
micro-machining induced thermal shock [4.7] might produce the micro-cracks inside 
the cantilever, which will slightly change the Young’s modulus of the material.  
According to Figure 4.14, the slope of linear fitting (dashed line) is 40.2nm/˚C.  By 
using the phase recovered algorithm discussed in Chapter 3, this equals a temperature 
resolution of 0.08˚C.  The thermal-optic coefficient of air is ~10-6 K-1 and fused silica 
is 1.55 10-5 K-1, in our case, the maximum cavity change due to a change of refractive 
index of air is tens of nanometers for the 500K temperature range, which can be ignored 
here.  
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Figure 4.14  Temperature change versus cantilever  deflection change. Both the measured and model calculated data 
are shown. 
To further investigate the thermal response of an optical fibre cantilever sensor, 
extended monitoring was carried out with over 16 hours.  The temperature was cycled 
three times from 500˚C to 100˚C, dwelling for at least 1 hour at these temperatures.  
Figure 4.15 shows the cantilever deflection variations during the whole cycling process.  
For each cycling a maximum deflection of ~18µm is found.  When the furnace cooled 
down to room temperature the cantilever returns to the zero position.  By using the 
phase recovery algorithm discussed in Chapter 3, temperature noise can be further 
reduced.  When held at 100˚C and 500 ˚C, we can see from Figure 4.15 temperature 
noise and fluctuation is reduced due to the phase recovery algorithm.  As seen from the 
figure, the sensor is capable of reliably measuring temperature up to 500 ˚C. 
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Figure 4.15  Cantilever deflection during extended temperature cycling trials at 500°C and 100°C for three times. 
By using a linear fitting from Figure 4.14, we can express the relationship between 
cantilever deflection and temperature change with the following fitted equation: 
53.188756.24  LT                 (4.4) 
Where T is the measured temperature in ˚C and L is the cantilever deflection in 
micrometers.  Using this calibration we plot the measured temperature data from 20˚C 
to 500˚C in Figure 4.16.  From the insert of Figure 4.16, we can see that the maximum 
temperature error of ±4.8˚C is found at 500˚C and the r.m.s. temperature error 
calculated by experimental data is ~±1.4˚C over a 500˚C range.  Here temperature 
errors show the temperature repeatability during real measurements, while the 
temperature resolution of 0.08˚C mentioned above is based on the best case deflection 
measurement from the fitted data after phase recovery.  The temperature error here is 
bigger than the previous resolution calculated after using phase recover algorithm.  We 
suspect that temperature drift, thermal noise, and vibrations are the main contribution of 
this error during the practical temperature measurement.  
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Figure 4.16  Monitored temperature by a thermocouple vs. monitored temperature by an optical fibre-top cantilever 
sensor. The insert figure shows the temperature spread error at 500°C. The error is measured to be ±4.8°C. 
In this section, micro-cantilevers which were fabricated onto the end of a single mode 
optical fibre were demonstrated by the combination of ps- laser machining and FIB 
milling techniques.  The potential route for rapid manufacture of such cantilevers with 
the laser fabrication stage take only a few seconds while the FIB polishing gives us an 
optical surface finish.  In the future, laser machining techniques may offer the potential 
for low cost mass production.  The ability to use this cantilever sensor as a temperature 
sensor is demonstrated.  A temperature resolution of 0.08°C based upon the best case 
deflection measurement resolution and a sensing range of up to 500°C have been shown.  
Extended duration temperature stability was also tested to monitor sensors as they were 
cycled from room temperature to 500°C several times.  In this particular test the 
average temperature r.m.s. error within the whole measurement range is ~±1.4˚C with 
maximum experimental temperature error is ~±4.8˚C found at 500°C. The 
demonstration of optical fibre cantilever as a temperature sensor proved the reliable 
sensing capability by deflection measurement interferometrically. This also opens the 
route of using optical fibre cantilever as a transducer for other applications, such as 
chemical and biological sensing. 
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4.4 Optical fibre-top cantilever for pH sensing 
4.4.1 Introduction to pH sensing 
In some applications such as chemical analysis or the control of biological systems, it is 
critical to monitor the pH value of the aqueous media [4.8][4.9].  pH is essential in 
finding the chemical characteristics of a substance and to control chemical reactions. 
Several techniques are commonly used in order to measure the pH of solutions, mainly 
based on Ion Sensitive Field Effect Transistor (ISFET) [4.10], magneto elastic [4.11], 
conductimetricor [4.12] and optical techniques [4.13]. 
Electrical based techniques do have many advantages：they are cheap, easy to fabricate, 
accurate and sometimes have large pH detection range.  However, these sensing 
techniques usually need a long response time and sometimes it’s difficult to detect very 
small sample volumes down to ~μL. The other commonly used technique is  
optical-based pH sensor [4.14] [4.15]. This technique usually involves the use of 
colorimetric or fluorescent indicators, in which the amplitude of an optical absorbance 
or a fluorescent signal is measured. These sensor schemes are simple and cost-effective 
but their main drawback is their robustness, which depends on the absolute signal 
amplitude (absorbance or fluorescence intensity) and hence they can be influenced by 
undesired external factors such as excitation light intensity fluctuations, temperature, 
concentrations of the analyte or the indicator, or even bleaching or leaching of the 
indicator.  
The concept of using micro-cantilevers as highly sensitive chemical and physical 
sensors was first reported in 1994 [4.16]. To date, physical sensors using 
micro-cantilevers have been demonstrated by detecting thermal energy, force, magnetic 
field, and infrared radiation [4.17][4.18][4.19]. Extremely sensitive chemical and 
biological sensors for analytes including DNA, alcohol, mercury, antigen-antibody 
binding, and bacteria have also been reported based on micro-cantilever sensors 
[4.20][4.21][4.22].  Unlike many other types of transducers for chemical sensors, these 
cantilevers are simple mechanical devices.  They are small, typically 0.2-1µm thick, 
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20-100µm wide, and 100-500µm long, and are connected to an appropriate support for 
convenient handling.  Such devices have seen widespread use.  For example, forming 
a sharp tip onto a micro-cantilever makes it useful as a probe for mapping localized 
surface topology in AFM. 
Micro-cantilevers have already been reported as pH and chemical sensors in recent 
years.  One approach is to use a surface-modified micro-cantilever to detect pH 
changes.  For example, Ji et al [4.22] demonstrate a maximum pH sensitivity of 49 nm 
deflection/pH unit using a silicon dioxide/gold (SiO2/Au) cantilever.  The variation of 
pH versus cantilever deflection is discussed, but the detailed explanation for surface 
interaction mechanism on pH activated cantilever is still uncertain.  A more widely 
used method which can make material sensitive to pH variations, is to micro-pattern 
hydrogels which can sense a pH change and actuate as a transducer.  When hydrogels 
are utilized as sensing micro-structures, their function is improved as the reduced size 
leads to faster mass transfer and chemomechanical response.  As a result, researchers 
have fabricated a variety of novel sensors based on bio-chemical sensors.  Bashir et al. 
[4.23] used swellable hydrogels as a transducer deposited on top of a micro-cantilever 
and demonstrated the potential as an ultrasensitive pH sensor.  Silicon-on- insulator 
wafers were used to fabricate cantilevers with a polymer consisting of poly (methacrylic 
acid) (PMMA) patterned using free-radical UV polymerization. The mechanical 
amplification of polymer swelling as a function of pH change within the dynamic range 
was obtained with a maximum deflection sensitivity of 1 nm/5×10-5ΔpH, however the 
effective measurement range of pH is limited between pH 5.9 to pH 6.5 due to the 
characteristic of their sensor.  VanBlarcom et al. demonstrated a biodegradable 
pH-responsive hydrogel micro-cantilever sensor [4.24]. They created a theoretical 
hydrogel swelling model to verify the test result of the sensor in a protein-rich solution 
and 1nm/5.7×10-5ΔpH sensitivity is achieved for the resulting sensor with a detectable 
pH range from 5 to 6.5. 
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In this section, micro-cantilevers machined directly onto the end of standard 
telecommunication fibres will be employed to detect pH change in a liquid environment. 
The structure fabricated forms a Fabry-Perot cavity, where measurement of the cavity 
length allows us to infer the cantilever deflection due to changes in pH.  By forming 
the cantilever onto the end of a fibre allows alignment to the readout system, via the 
fibre core during the fabrication stage, therefore, no post fabrication mechanical 
alignment of the sensor is required.  The use of optical fibres offers the potential for a 
miniaturised sensor with electromagnetic immunity, small physical size, and 
biocompatibility. The interferometric approach to monitor cantilever deflection is 
significantly more robust than a simple intensity-based sensor set-up [4.25].  Finally, 
the micro scale nature of the sensor offers potential for rapid responses using a small 
test volume.  
4.4.2 pH sensor fabrication 
The fabrication techniques are similar to the fibre-top cantilever temperature sensor 
discussed previously.  The resulting cantilever is ~100μm long, 18μm wide and 8μm 
thick.  It should be noted that due to the scale of the single mode optical fibre and the 
resolution of the control system, the minimum cantilever thickness machined by 
ps-laser is down to 7-8μm.  
 
Figure 4.17  Fabricated cantilever onto the end of an optical fibre with SEM view: (a) Before FIB polishing, (b) 
After FIB polishing. The thickness of the final cantilever is 1.5µm. 
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After the laser processing is completed, these cantilevers are brought to the FIB 
chamber for further modification without changing the position on the fibre holder. 
Using FIB it is possible to achieve cantilever thickness down to ~1.5μm which gives a 
suitable thickness for pH measurements.  An SEM image of the cantilever before and 
after FIB machining is shown in Figure 4.17. The thickness is measured to be 1.5 µm, 
which provide higher sensitivity for chemical sensing. To the best of our knowledge, 
this is the thinnest optical fibre-top cantilevers reported so far. 
4.4.3 Experiment and discussion 
The basic experiment for the optical fibre cantilever pH measurement system shown in 
Figure 4.18.  The analysis of the interferogram is based upon extracting the free 
spectral range of the cavity, which is directly related to the cavity length.  SM-125 
optical interrogator (Micron Optics, USA) is used to demodulate the phase information 
from the cantilever. This was already discussed in Chapter 3.  Figure 4.19 shows the 
fringes from the machined cantilever.  The cavity length calculated by FFT is ~59.3μm 
in this case. 
 
Figure 4.18  Schematic of pH measurement set-up. A fibre-top cantilever is immersed into the liquid cell and a 
thermocouple monitors the temperature. SM -125 optical interrogator demodulates the cavity length and the deflection 
of cantilever is calculated by LabView/PC. The zoomed in part shows the two reflecting surfaces which create the FP 
cavity. 
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Figure 4.19  Fringes of a laser/FIB machined optical fibre-top cantilever with a cavity length of 59.3µm.    
Prior to using the micro-machined cantilever as a pH indicator, it is calibrated with an 
actuating fibre end to apply a known deflection.  The movement of the actuating fibre 
is controlled by a calibrated piezoelectric translation stage.  The process is repeated 
several times in order to prove the mechanical robustness of this micro-machined 
cantilever.  A ML10 position sensor (Renishaw, plc. UK) is employed to calibrate the 
sensor with the detailed calibration process discussed in [4.5]. 
In order to make the cantilever sensitive to pH one side of the cantilever  must be 
‘activated’, so that a change in pH results in a different strain on each face of the 
cantilever.  It is this strain differential that causes the cantilever to deflect according to 
the Stoney equation discussed in Chapter 2.  Two layers are investigated in this work (i) 
Al2O3/Au and (ii) MHA/HDT.  Both MHA (16-mercapto-hexadecanoic-1-acid) and 
HDT (1,6-hexanedithiol ) were purchased from Sigma-Aldrich. 
Before testing the pH sensitivity the background system noise level with the cantilever 
in a fluid was measured.  This is achieved by immersing the cantilever into Phosphate 
Buffer Solution (PBS) pH 7.0 solutions and monitoring the cantilever position.  The 
experiment was temperature controlled (23˚C±0.2˚C) and insulated in order to maintain 
a stable temperature environment. In order to investigate the temperature effect on the 
cantilever deflection, a fibre-top cantilever is immersed into the water and a 
thermocouple monitors the ambient temperature changes over 200 minutes. The relative 
cantilever deflection is acquired every 10 seconds over 200 minutes, with results shown 
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in Figure 4.20.  Here the maximum cantilever deflection fluctuation is around ±12 nm, 
with an r.m.s. error of ~±6 nm.  From this data we conclude that a temperature 
variation within a degree does not affect the cantilever deflection within the measured 
noise level. 
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Figure 4.20  Thermal stability of cantilever deflection over 200 minutes. ~20nm cavity length fluctuation is found 
when temperature changes from 22.3°C to 22.7°C. 
In order to investigate the effect of flow turbulence upon the cantilever deflection was 
monitored while gently injecting PBS pH 7.0 solution into the liquid chamber at a 
constant speed of 50μL/min.  The cantilever is initially immersed in PBS pH 7.0 
solution and a thermocouple is also placed in the liquid cell to monitor the temperature 
change.  The cavity length and temperature are shown in Figure 4.20.  After injection 
the temperature dropped down rapidly by 0.3˚C then returned back to 23˚C after 40 
seconds.  The rapid drop of the temperature was due the lower temperature difference 
between the injected liquid and the ambient temperature. As the liquid flowed outside 
the liquid cell, the temperature started to return to ambient temperature. An average 
(r.m.s) cavity fluctuation during this period was found to be 12.8 nm, which was 
comparable to the system noise level. Therefore by carefully controlling the injection 
speed, the influence of flow turbulence on the cantilever deflection can be minimised. 
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For pH measurements the cavity length is measured in reference to the initial cavity 
length when the sensor is immersed into PBS pH 7.0 (defined as 0 nm).  We define 
‘bending down” as cantilever bending towards the gold coated side while, ‘bending up’ 
refers to bend towards the Al2O3 side.  The experiment is first conducted to test the 
thermal stability of the micro-machined cantilever with a coating on it in a liquid 
environment.  The whole experiment is carried out at a temperature of 23˚C±0.2˚C, 
with the interrogation system shown in Figure 4.18.  The system is covered with foam 
and filled with insulating material in order maintain a stable temperature environment.  
After that, the cantilever is immersed into PBS 7.0 solution and the relative cantilever 
deflection is acquired every 10 seconds over 200 minutes (Shown in Figure 4.21).  It’s 
clear that the maximum cantilever deflection fluctuation is around ±12nm, with an r.m.s. 
error of approximate ±6nm, which means for temperature variation within a degree, the 
deflection noise level of cantilever is ~8nm, therefore, small temperature changes of 
<0.5˚C is within the noise level. 
 
Figure 4.21  Cantilever cavity fluctuation versus temperature change over a measurement time of 140 seconds. (a) 
Fibre-top cantilever deflection before and after injection of flow. (b) Flow speed versus injection time. Injection starts 
at 40s and finishes at 125s.  
(a) 
(b) 
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4.4.4 Results and discussion 
To measure pH, the cantilever is functionalized with different pH active coating layers.  
Two different coating layers are selected here. One of them is Al2O3/Au, which has 
shown high sensitivity on a silicon nitride (SiN3) cantilever [4.26].  The other is called 
MHA/HDT coating, which proved to be a stable coating layer for pH sensing [4.27]. 
An Al2O3/Au functionalised pH sensor was made by first evaporating 4nm of Cr to the 
SiO2 surface and then depositing 20 nm aluminium onto the top side of the cantilever. It 
was then stored at room temperature overnight until the entire aluminium thin film 
oxidizes to Al2O3.  The bottom side of the cantilever is coated with 4 nm of Cr surface 
and followed by 20 nm of gold (Au) to form as a blocking layer for pH measurement. 
pH 4.0 (product No.FB67160) and pH 10.0 (product No. FB67162) buffer solutions 
were purchased from Fisher Scientific Company. The pH of each buffer solution used 
between 4 and 10 was formed by varying the proportion and the exact pH value was 
measured using a commercial pH meter with a resolution of 0.1 pH unit at 23˚C. The 
concentration of the final solution is controlled at 100mM. 
The effect of pH on both Al2O3/Au and MHA/HDT functionalized cantilevers was 
investigated using the experiment set-up shown in Figure 4.18.  The experiment was 
carried out at a temperature of 23˚C±0.2˚C and the final cavity length is determined by 
FFT algorithm discussed in Chapter 3.  
First, the effect of different pH level on an Al2O3/Au cantilever was investigated. 
Aluminum oxide-coated surfaces have been shown to be sensitive to pH e.g., it has been 
used to modify ISFET gate surfaces [4.28].  A coating of Al2O3 will change the 
influence of pH on cantilever surface stress due to the interaction with H+, thus generate 
a bending signal. To reference the zero position of the cantilever, the fresh coated 
cantilever is first immersed in PBS 7.0 solution and the cavity length is recorded.  
After that PBS 9.0 solution is injected gently at a constant speed and allows a few 
minutes for the cantilever to achieve a steady-state deflection, then the cantilever is 
washed with PBS 7.0 solution and PBS 8.5 solution is injected.  The same process is 
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repeated from PBS 9.0 to PBS 4.0 in steps of 0.5 pH each time followed by another 
cycle from pH 4.0 to pH 9.0.  All PBS solution is measured by an electro pH meter and 
the temperature is monitored by a thermocouple at 23˚C±0.2˚C. The concentration of 
each PBS solution is 100mM.  The schematic view of Al2O3/Au activated cantilever is 
shown in Figure 4.22(a) and the steady-state deflection of the cantilever is plotted as a 
function of pH in Figure 4.22(b). At each pH, cantilever deflection reaches an 
equilibrium position after 1 to 2 minutes.  For each cycle, the mean of up to six 
measurements are used to determine the steady-state cantilever deflection.  The 
deflection response of the Al2O3/Au cantilever indicate that when pH>7.0 the surface 
stress increases, and reaches ~180 nm deflection at pH 9.0 towards Al2O3 side.  The 
cantilever bends down towards the Au side when pH<7.0 and reach a maximum 
deflection around 100 nm.  It’s also clear that the Al2O3 /Au functionalized cantilever 
is sensitive from pH 7.0 to pH 9.0 and ~100 nm/pH sensitivity is achieved, with the 
resolution of our system equals to an r.m.s. pH resolution of ~0.1 pH.  This sensitivity 
is unique to the device and enables novel applications such as a pH sensor which can be 
used in very small volumes down to ~50μL. 
 
 
 
 
 
 
 
 
 
109 
 
 
(a) 
4 5 6 7 8 9
-150
-100
-50
0
50
100
150
200  pH9 to 4 first cycle
 pH4 to 9 first cycle
 pH9 to 4 second cycle
 pH4 to 9 second cycle
S
te
ad
y-
S
ta
te
 d
ef
le
ct
io
n
(n
m
)
pH
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Figure 4.22  (a) Schematic diagram of Al2O3/Au activated cantilever (b) Steady-State cantilever deflection versus 
pH change. pH is cycled from 4 to 9 and then 9 to 4 for twice. 
The Al2O3 surface is not suitable for long term use in high or low pH solutions.  In low 
pH solutions, a reaction with the chloride (Cl) ion produces aluminium chloride (AlCl3), 
while in high pH solution the surface will dissolve into solution due to chemical 
reactions that produce water soluble product.  
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Figure 4.23  Steady-State cantilever deflection versus pH changes when cycling between pH 8.0, pH 8.5, pH 9.0 and 
pH7.0 respectively. 
To further investigate the life time of the micro-machined optical fibre cantilever sensor, 
a cycling experiment is commenced by alternately injecting PBS 4.0and PBS solution 
from 8.0 to 9.0 at a 0.5pH interval.  The measurement is taken every 10 seconds, and 
the Steady-State cantilever deflection versus pH is plotted in Figure 4.23.  It should be 
noted that when washing with PBS 7.0 solution, the injected volume should be 
sufficient to wash away any reactant in the previous solution to ensure a constant 
solution concentration. From Figure 4.23, it takes ~100s for the sensor to reach 
steady-state for each pH from 8.0 to 9.0.  The noise level when cantilever reaches 
equilibrium is ~10nm.  When washing with PBS 7.0, the cantilever deflection is seen 
to return to the same position with a noise level around ~15nm.  In this way, the sensor 
is capable of monitor small volume (down to ~50μL) pH change within 1-2 minutes.  
This opens a new route for rapid pH measurement of small sample volumes. 
The life time of the sensor is greatly influenced by the presence of chemical coatings on 
the surface of the cantilever; hence it’s crucial to selecting a robust coating layer which 
could survive in both low and high pH environments.  To further improve the life time 
of the cantilever pH sensor, a MHA/HDT functionalized cantilever was tested, and this 
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is expected to extend the life time of sensor. pH 4.0 and pH 10.0 PBS was injected 
alternatively into the liquid cell with MHA/HDT functionalized cantilever placed inside. 
MHA/HDT cantilever was functionalized by Self-Assembled Monolayer (SAM) 
process [4.29].  A micro-machined optical fibre cantilever with top surface coated with 
Au was immersed in 10mM MHA solution overnight for SAM process. A 
gold-alkylthiolate monolayer was then produced in a well-ordered, regularly oriented 
array.  The functionalized cantilever is then washed with Ethanol and blown dry gently 
using nitrogen.  After that, the bottom side of cantilever is coated with Au followed by 
the similar procedure used earlier in this chapter, in order to compensate the bimetallic 
effect due to any temperature changes.  HDT coated surface will protect the cantilever 
from any non-specific adsorption, which will affect the surface stress change.  The 
schematic configuration of a MHA/HDT activated sensor is shown in Figure 4.24. 
 
Figure 4.24  Schematic diagram of MHA/HDT activated cantilever. Both sides of cantilever are first coated with 
Cr/Au then bind to MHA and HDT respectively via SAM process. -COOH is pH sensitive and -CH3 is pH 
insensitive. 
A cycling experiment by using the same experimental set-up as Al2O3/Au cantilever is 
carried out. The Steady-State cantilever deflection dwells at pH 4.0 and pH 10.0 for four 
cycles and the results are plotted in Figure 4.25. A maximum cantilever deflection of 
90nm is achieved at pH 10.0 while there is hardly any deflection observed at pH 4.0. 
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(b) 
Figure 4.25  (a) Steady-State cantilever deflection dwells at pH 4.0 and pH 10.0 respectively, (b) Zoomed in image 
shows the single cycling between pH4.0 and pH10.0.  tr and tf are the rising time and falling time respectively. 
The deflection of the cantilever is due to the sum of all simultaneous surface 
interactions. These reactions result in a gradual surface stress increase while the pH 
increases from 4.0 to 10.0.  The cantilever deflection change between pH 4.0 and 
pH10.0 are shown in Figure 4.25.  A response time of 75s is found from pH 4.0 to pH 
10.0, and 30s when pH is shifted from 10.0 to 4.0. 
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Figure 4.26  Steady-State cantilever deflection versus pH change. pH is cycled from 4 to 10 for five times and a 
maximum deflection of ~90nm is achieved at pH 10.0. All of the cycles show that when increasing the pH, cantilever 
deflection increases accordingly. 
From Figure 4.26, a maximum cantilever deflection of 90nm is achieved at pH 10.0 
while at pH 4.0 the cantilever is around zero deflection, which is different from 
Al2O3/Au activated cantilever. This is due to the different behavior of activated layer 
coated onto the optical fibre cantilever with hydrogen ion in the solution. In order to 
investigate the repeatability of the sensor, a cycling experiment is carried out fifth times 
from pH 4.0 to pH 10.0 in steps of 1.0 pH.  A maximum cantilever deflection error of 
15 nm is found around pH 4.0, the error at other pH values is around 10 nm. The 
response shows good linearity between pH 5.0 and pH 9.0 and when the pH is further 
increased to 10.0, the nonlinear effect starts to appear.  It is also clear that the 
deflection depends on the pH changes of the buffer and the functionality of the –COOH 
monolayer on the Au surface.  The deflection originates from the MHA liquid interface 
and also depends on the chemical environment of these interfaces.  For a MHA 
functionalized cantilever pKa value of ~5 is usually found in solution [4.29].  At pH<5 
the majority of carboxy groups is protonated while at pH>5 most of them are likely to 
deprotonated and become negatively charged, which is in the form of –COO-. Therefore 
increasing the pH will increase the population of –COO-, this in turn increases the 
lateral forces in the MHA monolayer generating more surface stress to deflect the 
cantilever.   
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Figure 4.27  Deflection response of optical fibre cantilever as a function of pH for (a) MHA/HDT coated cantilever 
and (b) Al2O3/Au coated cantilever. A maximum cantilever deflection of ~90nm is found at pH 10.0 for MHA/HDT 
cantilever and~150nm for Al2O3/Au cantilever at pH 9.0.  
To compare the pH response of the two cantilever pH sensors functionalized with Al2O3 
or MHA, the cantilever steady-state deflection versus pH change is plotted in Figure 
4.27.  The data shows that MHA functionalized cantilever is capable of detecting pH 
over a range of pH 4.0 to 10.0, with an average sensitivity of ~15nm/pH.  It can be 
seen that the overall pH response curve is not linear, but a linear response can be found 
from pH 5.0 to pH 9.0, which indicates a better region for pH sensing. The same trend 
has also been found in Al2O3 functionalized cantilever with a measurement range from 
pH4.0 to 9.0 and the average sensitivity is ~60nm/pH, which equals to ~0.1pH 
resolution.  With the increase of pH, the sensitivity tends to increase accordingly.  
The same trend has also been reported in [4.22] for different function layers. 
A micro-cantilever machined onto the end of a standard optical fibre with appropriate 
coatings applied to sensitise the structure to pH was investigated in this section. A 
combination of ps- laser and FIB machining techniques make it possible to form 
cantilever with a dimension of 112μm long 15μm wide and ~1μm thick. The 
micro-machined cantilever has been demonstrated as a pH sensor.  pH variation from 
4.0 to 9.0 with a maximum deflection of ~200nm has been found for an Al2O3 /Au 
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functionalized cantilever and pH4.0 to 10.0 with up to 90nm deflection has been found 
for an MHA/HDT functionalized cantilever.  A pH detection time of approximate 2 
minutes was found with this micro-machined cantilever sensor for a small sample 
volume of ~50μL. It should be noted that the sensitivity of the cantilever could be 
improved by further thinning the cantilever.  Future potential application can focus on 
measurement of pH in harsh environments where conventional pH meters are unsuitable.  
It may also be possible to extend the measurement range by multiplexing an array of 
cantilevers where each cantilever is modified for certain pH range.   
4.5 Conclusion  
In this chapter, optical fibre cantilever fabrication techniques are discussed. This can be 
achieved by the combination of ps- laser machining and FIB milling technique.  The 
mechanical response of cantilevers was tested for practical sensing. Finally two 
applications: temperature and pH sensing were demonstrated by using the optical 
fibre-top cantilever sensors.  The results showed the advantages of fibre-top cantilever 
when measuring different parameters in a space constrained environment. The 
technique also offers potential for low-cost and mass production manufacturing. 
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Chapter 5   
Fibre side cantilever sensor 
5.1 Introduction  
In this chapter, cantilever structures fabricated onto the side of the fibre, addressed via 
micro-machined 45˚ turning mirror, are proposed for sensing applications.  For 
example, this has the capability to measure acceleration where the direction is 
perpendicular to the direction of the optical fibre.  The 45˚ turning mirror can be 
aligned to couple the reflected light from the side cantilever back into the fibre core.  
In this way, the structure offers the possibility of fabricating longer cantilevers thereby 
achieving higher sensitivity which scales with the cantilever length.  
5.2 Fabrication of 45˚in-fibre micro-mirror 
In this section, fabrication techniques to manufacture the in- fibre 45˚ mirror for optical 
fibre side sensing applications are investigated.  The ideal 45˚ mirror should be 
fabricated with good alignment to the fibre core with an optical quality surface finish for 
efficient operation.  Laser micro-machining techniques can offer fast prototype ability, 
however, in this case, it is difficult to achieve an optical surface finish of the 
micro-mirror.  The rough surface will lead to optical scatter when light is reflected via 
the mirror surface.  Therefore, it’s difficult to monitor the reflected signal due to 
reduced intensity.  
Fabrication techniques which can offer optical quality surface finish and the capability 
to machine 3D structure with precise control would be desirable.  Based on these 
requirements, FIB milling is used to manufacture the 45˚ in- fibre mirror.  In terms of a 
20µm20µm mirror, the fabrication time of FIB is 1 to 2 hours with the optimised ion 
beam parameters and <20nm surface finish. Therefore, it offers a suitable fabrication 
route to manufacture the desired mirror. 
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5.2.1  Fabrication process 
The fabrication process of the in- fibre 45˚mirror is described as follows.  First of all, 
the prepared single mode fibre was brought to FIB chamber.  The SEM (aligned at 
38.0º angle relative to the optical fibre side) is available for real- time monitoring during 
the fabrication process.  The acceleration voltage of the FIB was set at 30keV 
throughout the machining process.  
Two approaches to fabricate the in-fibre mirror are developed in this chapter.  The first 
approach is to use bitmap (see Figure 5.1(b)). This work was carried out in 
collaboration with Dr Jining Su from the department of mechanical engineering at 
Heriot-Watt University.  A rectangular bitmap pattern to ion beam is assigned, and the 
3D micro-mirror was fabricated by changing the dwell time at each beam position.  
The beam diameter and the ion current are 66nm and 3nA in this case.  In the scanning 
process, the pixel spacing was set to half of the beam diameter by assigning a bitmap 
with 302×302 pixels to a 10×10µm2 milling area.  A reflective mirror with 45˚ inclined 
angle to the fibre core was successfully obtained after 43 scanning passes at a maximum 
dwell time of 255µs.  The total machining time for the mirror is 80 minutes. The result 
of this process is shown in Figure 5.1 (a).  Figure 5.1 (b) shows the ion dose exposure 
process when fabricating the reflective mirror. 
 
Figure 5.1 The 45˚ reflective mirror carved on top of the fibre (a) and the total exposure dose used for experiments 
with N exposure loops (b). Rectangles in (b) represent exposure elements corresponding to cross sections along 
dot-arrow of (a). Vertical arrow in (b) shows exposure order. 
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Clearly, a ‘surface ripple’ structure is on the machined mirror surface (Figure 5.1 (a)). 
This structure will reduce the mirror quality and thus reduce the reflectivity of the 
mirror surface.  The formation of periodically modulated ripples in the picture is said 
to be caused by off-normal incidence of the ion beam [5.1] produced by 
ion-bombardment of solid surfaces.  Such ripples on the reflective mirror will affect 
the surface finish, causing beam scattering, therefore, it is necessary to remove them. 
The wavelength of these ripples typically depends on the ion incident angle; according 
to Bradley and Harper’s theory [5.1]  the wavelength approaches infinite when the ion 
incident angle approaches 90º to the surface normal, and this means ideally a ripple-free 
surface can be achieved when the ion incident angle is 90º.   
As a result, an ion beam polishing process is used to remove the ripples on the mirror. 
Here an ion beam current of 1nA incident along the surface of the reflective mirror is 
used to polish the surface.  In order to compensate for the Gaussian profile of the 
incident ion beam, the polishing angle was offset by 0.5˚ with respect to the surface of 
the reflective mirror as shown in Figure 5.2 (a).  A layer of platinum was then coated 
onto the mirror surface to increase the reflectivity of the mirror. The SEM image of the 
polished mirror is showed in Figure 5.2 (b). 
 
(a)                              (b) 
Figure 5.2  The 45˚ reflective mirror caved at the centre of the optical fibre. (a) A sketch of the ion polishing process; 
(b) shows SEM images of the 45˚ reflective mirror viewed from 52˚ 
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This approach takes about an hour in total to fabricate the initial mirror structure and 
approximately another hour to polish the mirror. Although it is expected that overall 
machining time could be reduced by improving the process and sequence of fabrication 
steps, currently the total machining time can be ~2 hours, and this has an impact on the 
time and cost of manufacturing.  A fast and straightforward machining technique needs 
to be developed to reduce the machining time while still maintaining an optical quality 
surface. 
The second approach involves a two-step process as shown in Figure 5.3.  First of all, 
the fibre mount is rotated clockwise to 44˚ aligned with the horizontal level. For the 
purpose of making a rough cut, a 25μm by 25μm rectangular pattern was assigned to 
cover the fibre core, and a clear cross section process is used to finish the a cut.  The 
machining time for this step takes only ~12 minutes and the resulting mirror is roughly 
42˚~44˚. After this process, the fibre mount is turned 1˚ anti-clockwise for polishing 
purposes. 
 
Figure 5.3  Side view of FIB machining of 45˚mirror set-up. The fibre is tilted 52° in FIB chamber for FIB 
machining. The zoomed in part shows the steps used for machining the mirror : a rough cut at 44° and then polishing 
the mirror at 45°. 
Here polishing is carried out where the ion beam is incident along the surface of the 
reflective mirror with a current of 7nA.  Again a layer of platinum can be coated onto 
the mirror surface via FIB induced deposition to increase the mirror reflectivity. The 
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machining time of a polished single mirror takes less than half an hour. The SEM 
images of the final machined mirror are shown in Figure 5.4(b) with the angle 
accurately measured at 45.0˚.  In total, it took ~40minutes to fabricate the mirror.  
This approach reduced the total machining time to less than an hour and eliminated the 
ripple structure made by using the bitmap method. The fabrication techniques to make 
the single mirror in the fibre made it easy to transfer onto a MCF (this will be discussed 
later in section 5.6), where multi-axes displacement/deflection measurement are 
possible by combining with the in-fibre 45˚ mirror structure. 
 
Figure 5.4  FIB machining of in-fibre 45˚ mirror. (a) side view of machined in-fibre 45˚ mirror, (b) SEM angled 
view of the zoomed in mirror surface. The mirror is measured to be 45˚. 
5.3 Analysis of 45˚ mirror 
5.3.1 Effect of mirror size 
The size of the micro-machined 45˚mirror plays an important role. The initial design of 
the mirror size was a 10μm by 10μm square pattern which can cover the optical fibre 
core (8.2µm), and mode field diameter (9.2µm for a SMF-28 optical fibre). It seemed 
obvious that when a BBS was injected into the optical fibre, the reflected optical 
spectrum by 45˚ in- fibre mirror should be identical to the BBS spectrum, since the light 
is reflected (via the turning mirror) off the fibre side wall only. However, if any 
additional reflective surfaces are present this will form an optical cavity and fringes will 
be observed.  Figure 5.5 shows an FIB polished mirror. The red circular line indicates 
the location of the fibre core area.  It can be seen that the machined mirror is not in the 
Mirror slope 
Fibre core 
 
 
25μm  
Machined mirror surface 
(b) (a) 
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centre of fibre core.  In this case, unexpected interference was observed during the 
experiment and it was found that the optical path length difference calculated by using 
the FFT algorithm was the same distance between the optical fibre core and the fibre 
side wall. This indicated the existence of an FP cavity after machining the 45˚ in- fibre 
mirror. 
Several experiments were commenced to find out the origin of the additional reflection, 
which appeared to be co- located with the mirror. One possibility was the modification 
of refractive index change induced by FIB milling.  Ion beam induced refractive index 
change was a common phenomenon often found when it interacted with the target 
material [5.3].  Usually, a Δn of ~0.002 to 0.034 is measured after milling was finished 
in fibre core.  The refractive index change induced by the ion beam can be varied due 
to the composition of the fibre material.  In our case, the reflection between the ion 
modified fibre core and unmodified cladding is calculated to be ~ 0.014% thus less 
likely to produce the fringes. 
Another experiment trial was also implemented by machining a 45 ˚mirror with a larger 
size, 25μm by 25μm square and comparing the normalised reflection spectrum with 
10μm by 10μm mirror.  It was found that during the 10μm by 10μm mirror fabrication 
process, the location of the mirror can deviate from the centre of fibre core due to the 
alignment (shown in Figure 5.5). Therefore, to machine a mirror much larger than the 
full mode diameter can ensure the guided beam in the fibre to be covered by the mirror.  
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Figure 5.5  SEM view of the FIB micro-machined 45° mirror (10µm by 10µm) off the centre of an optical fibre. 
Fibre core area is marked with the red circle.  
It was clear from Figure 5.6(a) that when the mirror size was increased to 25μm by 
25μm square, the interferogram disappeared and a flat spectrum response was found 
after normalization with respect to the source spectrum.  When reducing the mirror 
size to 20μm by 20μm, fringes started to appear again (shown in Figure 5.6(b)).  These 
experiment results gave us the conclusion that the minimum machined mirror size 
should be 25μm by 25μm.  
It is assumed that when reducing the mirror size to the size of the optical fibre core, the 
mode diameter at the end of fibre is larger than 9μm for a SMF-28 single mode fibre, 
and this might cause a fraction of the transmitted light beam directly reflected by the 
fibre end facet. On the other hand, some of the light is reflected by the 45˚ mirror and 
transmits through the cladding and then reflected by the fibre side wall and finally 
recoupled to the core via the 45˚mirror. These two beams interfere with each other and 
produce a pattern as a function of λ.  In addition, there are cases where the mirror 
doesn’t fully cover the fibre core area due to the misalignment between the fibre core 
and the machined mirror, therefore, will produce a reflected surface on the optical fibre 
end facet. 
 
Fibre core area 
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(b) 
Figure 5.6  Normalized reflection spectra versus different mirror sizes. (a) Comparison between the reflection seen 
from a 10µm by 10µm and a 25µm by 25µm square mirror. (b) Reflection spectrum of a medium 20µm by 20µm 
square mirror. 
5.3.2 Modelling of light reflected by the 45˚ mirror 
It is important to control the machined mirror to be exactly 45˚, as this will affect the 
amount of reflected power back into the core.  The acceptance angle of the SMF-28 
single mode optical fibre is 14˚, thus a very small angle deviation from 45˚will lead to 
significant reflection power loss.  It would be helpful to study the relation between the 
acceptable angle of machined mirror and the intensity of reflected light recoupled back 
to the fibre core.  In this way, the acceptable error range of machined mirror will be 
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calculated and provide a further guidance for machining and the maximum angle error 
range for the in-fibre 45˚mirror. 
Here, a weakly guiding step- index single-mode fibre is assumed. It is well known that 
the analytical solution of the fundamental HE11 in the single mode fibre can be 
accurately approximated by a Gaussian distribution of transverse and linear polarized 
electrical field.  It can be assumed that the electrical field in both XZ Ex and YZ plane 
Ey can be expressed by the following equation: 
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P is the Poynting vector, ε0 is the dielectric constant in vacuum, μ0 and is the 
permeability of vacuum, n2 is refractive index of the propagation media, w0 is the beam 
waist, r is the optical fibre radius and β is propagation constant. 
 
Figure 5.7  Schematic diagram of FIB machined 45˚ in-fibre mirror and light transmission at the mirror surface in 
the fibre. (a) Side view of an optical fibre with 45° mirror machined in the centre. 1 is the coated mirror surface and 2 
is the coated fibre side wall. The red arrow shows the light transmission while the black arrow represents the light 
transmission at the mirror surface with a small angle deviation of the mirror. (b) Top view of (a). The black circle is 
the optical fibre profile while the gray rectangle in the centre represents the 45° in-fibre mirror seen from the top of 
the optical fibre.    
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Here, partial analytical theory is used to derive the coupling loss of micro-machined 45˚ 
mirror.  A similar model to optical fibre splicing loss analysis [5.5] is used.  
 
Figure 5.8  Schematic diagram of modelling configuration of the transmission loss between two optical fibres. θ is 
the angle deviation and a vertical offset l  between the two optical fibres is also used for modelling. 
The transmitted light can be divided into XZ and YZ planes (shown in Figure 5.7).  It 
is assumed that both the mirror and the optical fibre side wall are coated with platinum 
(Pt) and have a 90% reflectivity.  In XZ plane, light is reflected back by the 45˚ mirror 
and recoupled into the fibre core. If the mirror is machined to be exactly 45˚, the 
coupling loss can be calculated by using the Gaussian beam propagation theory.  In YZ 
plane, the curved shape of optical fibre can be considered as an index lens. For a weakly 
guided mode, the refractive index difference between the fibre core and cladding is very 
small and is ignored in this analysis. It can be assumed that the light reflected by the 
fibre wall will be refocused to the centre of optical fibre according to the geometric 
optics law. 
If the machined mirror angle deviates a small fraction from 45˚, then the light 
transmitted in the fibre will be reflected by the side wall and recoupled back to the 
optical fibre core, provided that the light is in the acceptance angle of the SMF-28 fibre. 
In the case of an SMF-28 fibre, N.A. is 0.12 and the acceptable angle θc is 7˚.  Suppose 
the offset of recoupled beam from the centre of fibre core is d.  For a 0.5˚ deviation, 
the calculated offset for the recoulped beam is approximately ~1.5μm from the central 
of fibre core. In this case, coupling loss due to fibre core misalignment must be taken 
into account. The model for this case can be shown in Figure 5.8. The amount of 
transmission loss induced by offset of the fibre can be expressed as [5.5] : 
Offset l 
θ 
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d is the light travelling distance between the two optical fibres, w1 and w2 are the waist 
size of Gaussian beam before and after the reflection. In our case, w1 and w2 are the 
same and for an SMF-28 fibre is 9.176µm. Therefore, equation 5.1 can be rewritten as: 
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d is associated with the deviation angle: 
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As can be seen from Figure 5.8(a), the red solid lines refer to the transmission path of 
injected light beam while the black dash lines represent the transmission direction of the 
reflected beam as the machined mirror has a θ˚ deviation from the 45˚ which means the 
angle of the recoupled beam to the fibre core needs to be smaller than 3.5˚.  In YZ 
plane, all of the light will be reflected back and focussed onto the optical fibre core.  
Therefore, the total reflectivity in XZ plane can be written as: 
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θ is the deviated angle from machined 45˚ mirror, n2 is the refractive index of fibre core 
which is 1.457 for standard telecommunication fibre with central wavelength of 
1550nm, λ is the transmission wavelength, w0 and w2 are the waist size of Gaussian 
beam at the fibre reflection point.  In XZ plane, the light beam hits the turning mirror 
and transmitted to the fibre side wall, at this point the beam waist expanded to w1. 
Suppose that the beam waist further expanded to w2 after recoupling into the fibre core 
by the turning mirror.  Assuming that the mirror is coated with 50nm Pt, and for 
1550nm has a reflectivity of ~0.9.  The following equation can be used to calculate the 
beam waist expansion w(z):   
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Here Z is the distance along the beam from the beam waist,    is the Rayleigh range, 
which can be calculated by: 

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The beam waist of the HE11 mode before the reflection at surface 1 is w0 , therefore, 
from [5.5] the beam waist can be calculated by the following equation: 
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a is the optical fibre core diameter and V is an mode number related with the optical 
fibre. In our case, the core diameter of a SMF-28 single mode fibre is 8.2μm, therefore, 
beam waist w0 is calculated to be 9.176μm, and the Rayleigh range is ZR=170.57μm.  
On the other hand, because of the 10% coating loss at reflection surface 1 and 2, the 
total optical fibre power from the machined mirror coupled back to the fibre core can be 
expressed as: 
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Take equation (5.10) into account, the total transmission loss versus the machined 45° 
mirror deviation angle θ is plotted in Figure 5.9.  It shows how the mirror angle affects 
the reflected intensity of light recoupled back to the fibre.  In the case of cantilever 
deflection measurement, at least a 1% of reflection is necessary to achieve an acceptable 
fringe visibility for sensing; therefore, the angle of 45˚in- fibre mirror should be very 
well controlled to 45˚±0.35˚ to maintain enough reflection power for interrogation. 
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Figure 5.9  Transmission loss modeling results of reflection from the 45° mirror versus the FIB machined mirror 
angle. The reflection drops quick as the mirror angle deviates from 45°. 
To verify the surface quality and the angle of the FIB machined 45o mirror, the whole 
structure was mounted on a 45˚ mechanical polishing block with an error of ±0.05˚. The 
optical fibre was first aligned in the mechanical polishing block to ensure there was no 
angle misalignment and the surface finish was assessed by using a commercial white 
light interferometer (Zygo New View 5000) as shown in Figure 5.10.  A scanning area 
of 10μm by 10μm was used to study the surface roughness and surface profile of 
in- fibre 45˚ mirror.  As part of the imaging, the beam from Zygo was blocked by the 
shape of machined structure, great care must be taken to locate the mirror position and 
focus the beam onto the mirror surface so that fringes can be seen on the screen. 
The surface finish, Ra, of the mirror is measured to be smaller than 20nm, shown in 
Figure 5.11, and the deviation of the angle in both x and y directions are monitored to 
be within ~±0.05˚. This is not expected to contribute much error for deflection 
measurement based upon the theoretical modelling. The results give confidence that the 
machined mirror alignment and surface finish are suitable for producing the beam 
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steering and reflection for deflection measurement based upon an external optical 
cavity.  
In order to achieve an accurately machined 45˚ mirror, caution needs to be taken for the 
alignment of the optical fibre before machining. The tip of optical fibre hanging outside 
of the mount should be less than 0.5mm, since the fibre will start to bend due to its 
gravity during the machining process. In addition, a good conductivity of optical fibre 
needs to be maintained during the whole machining process.  This is usually done by 
dipping a fraction of silver painting between the metal block and the fibre. The good 
conductivity can ensure there was no drift due to charging effect which can lead to the 
drift of the whole pattern. 
 
Figure 5.10 Experiment set-up of Zygo measurement.  
 
Figure 5.11 Surface measurement results from Zygo white light interferometer. 
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5.3  Theoretical analysis of acceleration measurement 
One of the potential applications of the FIB machined in-fibre mirror is for fabrication 
of an acceleration sensor.  Therefore, it’s important to introduce the acceleration theory 
for cantilever beam before the accelerometer is designed and manufactured. 
Based upon mechanics theory [5.6] a simple model for acceleration measurement can be 
derived. Assume that the optical fibre cantilever is excited by a sinusoidal function with 
a fixed frequency ω then the acceleration model used for optical fibre cantilever here 
can be considered as a harmonic excitation model. The excitation force F can be written 
by: 
tFF cos0                 (5.11) 
F0 is the maximum force, t is the time variable. If we consider the damping effect, the 
damping force Fd can be expressed by the following equation: 
xcFd                      (5.12) 
Where the damping constant c is the constant resistance developed per unit velocity.  
x is the velocity. For our cantilever beam resonant analysis by using the model 
described in Figure 5.12, we have the following equation: 
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Where x  is the acceleration, m is the mass of the test sample and k is the spring 
constant.  The complete solution for a damped system can be expressed as: 
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where 𝜔n is the resonant frequency of cantilever.   is the damping coefficient of the 
system. X0 is the amplitude of transient vibration while X is the amplitude of 
steady-state vibration. From the above equation, we can see that the general solution 
eventually reduces to a particular solution, which represents the steady-state vibration. 
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The steady-state motion is present as long as the forcing function exists. The amplitude 
X and phase of the steady-state vibration φ can be expressed by the following equation:  
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Figure 5.12  Schematic model of a harmonic excitation damping system. A test sample with M mass is vibrate when 
applying a force F. 
Suppose we have the following equation: 
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Here, δst is the amplitude of a undamped system, r is defined as the ratio of the harmonic 
force frequency over the undamped natural frequency.  Then the phase φ can be 
written as: 
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And the amplitude ratio of the force vibration M can be expressed as: 
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From equation (5.19), we can see that any amount of damping reduces the 
magnification factor.  For any specified value of r, a higher value of damping reduces 
the value of M.  The reduction in M in the presence of damping is very significant at or 
near resonance.  In the case of micro-machined optical fibre side cantilever, air force 
induced damping can be ignored thus a simple model based on Newton’s second law 
can be used. 
5.4  Micro-machined optical fibre 2D accelerometer 
One of the applications of micro-machining in- fibre mirror is for acceleration 
measurement. This is demonstrated by machining an optical fibre side cantilever and re- 
coupling the light via the in- fibre 45˚ turning mirror to the fibre core for interrogation 
purpose. 
5.4.1  Initial trial 
The initial design is to use ps-laser machining technique to fabricate an “L” shape 
cantilever onto the end of an optical fibre, as shown in Figure 5.13(a). The end tip of the 
fibre produced by the L shape will provide mass weight for acceleration to be measured. 
The thickness of cantilever needs to be machined down to ~1μm to be sensitive to less 
than 10g (g: gravity constant) acceleration, which is not possible to achieve by ps-laser 
machining.  Thus FIB machining is used to thin the cantilever down to 1μm after a 
thick cantilever was first machined by ps- laser.  However, the machined cantilever was 
not mechanically stable due to the laser induced fracture inside the cantilever.  The 
free standing part of the cantilever broke off when the thickness of the cantilever is 
polished down to ~3μm by FIB.  We believed that the laser induced cracks inside the 
optical fibre weaken the mechanical stability of cantilever and this made the cantilever 
break more easily. 
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Figure 5.13  SEM view of (a) L shape optical fibre-top cantilever machined by laser/FIB process, (b) Zoomed in 
view of the broken cantilever when thinning the cantilever surface by using FIB. 
 
Figure 5.14 SEM view of FIB machined slot into an optical fibre. The machining stops as a result of the narrow slot 
produced during the machining. 
Another trial was made by using direct FIB machining technique to mill a cantilever 
onto the side of an optical fibre. The use of FIB milling can accurately carve the 
structure while reduced the crack and damage inside the cantilever, however, it’s a time 
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consuming process in terms of material remove rate.  In addition, the machining 
process stopped at some point because of the narrow gap between the optical fibre and 
cantilever, which makes it difficult for material to come out into free space, therefore, 
the material removal rate is reduced accordingly.  Figure 5.14 shows an FIB carved 
slot into an optical fibre with a current of 65nA and a voltage of 30keV.  Part of the 
slot with a width of ~25μm has been successfully machined. On the other hand, the 
narrower slot with a width of (~10μm) at the bottom of the optical fibre was still 
connected with each other before the FIB stopped machining.  The results show that 
when the width of the slot becomes narrower, it is difficult for FIB to ablate the material 
from an optical fibre.  In this case, if only a FIB process is used, it would be hard to 
produce cantilever structure with suitable dimension for sensing within the dimension of 
a single mode optical fibre. 
5.4.2  Micro-machining of fibre side cantilever 
To address this issue, ps- laser machining techniques and set-up described in Chapter 4 
are used to fast prototype a cantilever which can separate the cantilever from the main 
body of the optical fibre.  Figure 5.15 shows the top view of a ps- laser machined 
cantilever. Due to the profile of laser beam, the cutting edge is tapered [5.7] , however, 
this can be further modified by FIB milling. The benefit of using laser micro-machining 
here is rapid initial prototyping of the micro structures and the potential to be scaled up 
in an automated manufacture process. 
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Figure 5.15 Top view of ps-laser machined optical fibre side cantilever on a single mode optical fibre. The big gap at 
the right side of the optical fibre indicates the laser starting point while the narrow gap at the left side of the optical 
fibre indicates the laser finishing point. 
The cantilever is produced by using ps- laser machining to remove 4 parallel straight 
lines with a spacing of 5μm along the length of the fibre.  This defines the separation 
between the thicker part of the fibre containing the core, and the thinner cantilever. The 
average power of laser in this case is usually around 10W, with a repetition rate of 
40kHz scanning at 100mm/s (Figure 5.16). Typical dimensions of the resulting 
cantilever are ~1mm long, 20μm thick and 35 m wide.  Further modification is 
finished by FIB machining to reduce the thickness of cantilever down to ~7μm.  The 
tip of cantilever surface 1 together with the reflecting surface 2 shown in Figure 5.17 are 
polished to be an optical surface quality for interference purpose.  
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Figure 5.16 SEM view of laser/FIB machined fibre side cantilever. 1 and 2 indicate the two reflection surfaces of an 
FP cavity. The zoomed in part shows that four straight lines are used to ablate the optical fibre to produce the 
cantilever. The total cantilever length is measured to be ~1mm. 
 
Figure 5.17 Laser/FIB machined optcial fibre side cantilever. (a) Side view of the optical fibre cantilever. The red 
arrow shows both the incident and the reflected light directions. The blue part at the right side of the optical fibre 
indicates the cantilever. (b) SEM view of the fabricated cantilever. 
To optically monitor the deflection of this cantilever from light guided in the fibre 
requires a turning mirror.  FIB machining is used to produce a 45˚ mirror as discussed 
in 5.2.1. The polished mirror surface allows light to be coupled from the fibre core to 
the cantilever and back. The FIB polished surface 1 and 2 created a FP interferometer  
capable of measuring deflection generated by the cantilever. With this approach, the 
total machining time of the optical fibre cantilever accelerometer is ~2 hours with 
optimized ion beam energy parameters.  
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The key point of successfully modifying a side cantilever by FIB at the desired position 
is to accurately align the optical fibre before machining. Rotating the fibre 180o is 
necessary to machine from the opposite side and clear the back end of the tapered shape. 
This needs accurate alignment of cantilever with respect to the FIB machining direction. 
Currently mounting the fibre in the correct orientation is managed by a small angle 
rotational mount manually.  It would be more convenient to have an optical fibre 
holder with at least 5 axis freedoms in the future thus small angle directional 
misplacement can be accurately positioned. 
A suitable dimension of side cantilever for low g (<10g) acceleration should be 
machined to 1 to 2 mm long, ~5-10μm thick. It would be challenging to fabricate an 
accelerometer within the size of an optical fibre. The feature size of ps- laser machining 
is ~±10μm, which means for smaller feature size e.g. reduce the cantilever thickness, an 
FIB polishing process would be necessary. 
The combination of FIB and ps- laser machining techniques addressed the issues of 
using either single FIB milling or ps- laser machining techniques, and improved the 
machining efficiency for prototyping micro-elements in a standard single mode fibre 
with a sub-micron feature size. 
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5.4.3  Phase interrogation technique 
 
Figure 5.18  Schematic configuration of 3λ laser interrogation system. Each wavelength is interrogated by a PD. 
For dynamic acceleration measurements a broadband source and spectrometer is 
unsuitable due to the low frame rates possible.  Therefore a reduced number of 
wavelengths can be monitored using high speed photodetectors. Such phase 
interrogation methods have been reported previously [5.8].  The three wavelength 
technique improves upon single wavelength techniques by reducing phase ambiguities 
and is useful in applications where rapid changes go beyond one full cycle of the 
transfer function.  Figure 5.18 shows the schematic of the interrogation system. The 
interrogation units provide optical signal filtering, optical to electrical signal conversion, 
amplification and output.  
For practical use, the FP cantilever sensor can be illuminated with all three laser 
wavelengths (1532, 1547, and 1563 nm) and the reflected light was filtered by means of 
fiber Bragg gratings so that the signal for each wavelength can be recorded individually. 
Each laser source delivered up to 10mW power, sufficient to multiplex up to six sensors 
by distributing the power via a directional coupler network. The detectors were 
high-bandwidth InGaAs photodiodes (PD), and their voltage outputs were recorded by a 
LabView PXI system with up to 10MHz sampling rate.  
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In our case, as the wavelength shift is much smaller than 
 
 
, therefore, only a single 
wavelength operated at 1532nm is necessary to interrogate the deflection of cantilever 
under vibration.  The wavelength is first tuned to the quadrature point which is called 
Q point [5.9] (illustrated in Figure 5.19) of the optical fibre accelerometer spectrum. In 
this region, phase information can be demodulated with a near linear response and 
highest sensitivity is achieved due to the highest derivative.  The Q point of different 
laser machined cantilevers may vary from each other, thus it’s important to first 
determine the operation point by tuning the wavelength of the laser source. 
 
Figure 5.19  Interferogram from an optical fibre cantilever accelerometer, with the laser wavelength operated at 
1532nm.  
5.4.4  Acceleration measurement 
The accelerometer is calibrated by rotating the sensor under the influence of gravity. 
Deflections are recorded for a 360˚ full turn and repeated several times to set for drift 
and hysteresis. The measured results of optical fibre rotation angle versus side mounted 
cantilever deflection are shown in Figure 5.20. As the optical fibre rotation, the side 
cantilever deflects due to gravity.  The relation between the rotation angle and 
cantilever deflection in theory follows a cosine function.  It is clear that a cosine trend 
is found as the optical fibre is rotated, showing a good match with the theory. From the 
results, a maximum deflection change of ~45nm/g is achieved when the fibre is rotated 
Q point 
Input 
Output 
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~180°.  The noise level of the laser based interrogation system used here is ~10nm, 
which means a ~0.2g static acceleration resolution is achieved. 
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Figure 5.20  Optical fibre side cantilever deflection versus optical fibre rotation angle. The fibre is rotated from 0° to 
360° and measured for six times represented by different shape and colour in the figure. The red arrows indicate the 
four position of side cantilever when rotating at 0°, 90°, 270° and 360°. The blue region in the fibre (top view) shows 
the top view of cantilever while the red rectangles in the centre of the optical fibre indicate the 45° mirror (top view). 
In principle the acceleration sensitivity of the optical cantilever sensor depends on the 
length of machined cantilever. Higher acceleration sensitivity can be achieved by 
increasing cantilever length up to ~2mm for example or by reducing the thickness via 
FIB polishing. Thinner cantilever <7μm can be difficult to machine due to the accurate 
alignment of FIB with respect to the cantilever position, while increasing the cantilever 
sensitivity will also affect the resonant frequency, and hence the upper operating 
frequency.  Assuming that the cantilevers follow a rectangular beam model, a resonant 
frequency of ~13kHz for fibre side accelerometer can be calculated.  This equals to a 
sensitivity of ~25nm/g for fibre side accelerometer. The actually sensitivity is ~45nm/g, 
which is more sensitive than the theoretical calculation. It is expected that during 
machining, laser/FIB might introduce cracks into the material and change the 
mechanical property. Furthermore, the geometry of the cantilever will also have an 
impact on the resultant cantilever. 
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Dynamic acceleration experiment is carried out by using the experiment set-up shown in 
Figure 5.21. The response from both micro-machined optical fibre cantilever 
accelerometer and a B&K 4500 accelerometer (B&K, Denmark) for reference purposes 
are recorded via a PXI LabView interrogation system. Based on the calibration result of 
acceleration due to gravity (g) measurement, deflection of side cantilever is transferred 
to acceleration using Newton’s second law. 
 
Figure 5.21 Experiment set-up of optical fibre accelerometer for dynamic acceleration measurement. 
Then the machined cantilever is glued carefully to an Aluminium plate that is attached 
to a LDS9400 shaker (Linear Dynamic System LTD, UK).  A sinusoidal drive current 
with controlled amplitude activates the shaker.  The acceleration response for both 
electronic and optical accelerometer is shown in Figure 5.22. The applied acceleration is 
measured by B&K 4500 electronic accelerometer to be 3.3g at a vibration frequency of 
200Hz. Using the calibration results from Figure 5.20, the deflection of optical fibre 
side cantilever can be converted into acceleration. It can be seen that the optical fibre 
cantilever can successfully measure the acceleration without any signal distortion, 
though the noise shown is a little higher than the reference accelerometer. The zoomed 
in part in Figure 5.22 (b) indicates the noise of a dynamic acceleration measured by 
optical fibre accelerometer. 
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Figure 5.22  Acceleration from fibre cantilever compared with electronic accelerometer. Measured acceleration is 
3.3g at 200Hz. (a) Acceleration measured by B&K 4500 electronic accelerometer. (b) Acceleration measured by 
optical fibre side cantilever. 
To test the ability of optical fibre accelerometer to measure different frequencies, the 
frequency response of the cantilever accelerometer is plotted in Figure 5.23.  A linear 
frequency response is demonstrated from 40Hz to 300Hz. The calculated resonant 
frequency of the optical fibre accelerometer is ~13kHz, therefore a larger dynamic 
range up to ~8kHz is expected.  It can be seen from Figure 5.23 that from a frequency 
range of 40Hz to 300Hz, the acceleration response of optical fibre cantilever is nearly 
linear. The results demonstrated that the laser/FIB machined cantilever can be used for 
measuring different dynamic accelerations. 
 
(a) 
(b) 
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Figure 5.23  Optical fibre accelerometer response at different frequency . x axis shows the peak acceleration of 
applied signal measured by B&K 4500 electronic accelerometer while y axis is the peak acceleration of applied signal 
measured by optical fibre accelerometer.  
To show that the sensor can measure acceleration in two axis, the acceleration responses 
of both vibration and cross axis were recorded in Figure 5.24.  The vibration frequency 
of 40Hz is used for testing. The results show the optical fibre cantilever accelerometer 
measures a significantly higher response in the vibration axis (on-axis) than in the cross 
axis (off-axis).  The minimum crosstalk is calculated to be ~44.6dB at 4g: the 
maximum acceleration tested. 
 
Figure 5.24  On-axis and off-axis response of optical fibre accelerometer at 40Hz. On-axis acceleration means the 
cantilever vibration direction, while off-axis acceleration indicates the vibration perpendicular to the cantilever 
vibration direction.  
 
 
147 
 
To summarise, an accelerometer with micro-machined cantilevers onto the fibre tip and 
side of optical fibre are demonstrated.  The side cantilever contains an FIB milled 45˚ 
mirror into the core of optical fibre.  The accelerometer is capable of measuring 2D 
acceleration with a static resolution of 0.01g from 40Hz to 300Hz. The all silica 
micro-machined accelerometer provides routes for sensing in harsh and high 
temperature environments. In addition, by properly designing the dimension of optical 
fibres, 3D accelerometer can be potentially fabricated on a multi-core optical fibre as a 
single probe and this will be discussed in the following section. 
Experimental results demonstrated that an acceleration resolution of 0.2g within 300 Hz 
bandwidth is achieved. The micro-machined cantilever accelerometer offers the 
capability of measuring acceleration in harsh environment with a robust all silica design. 
In addition, no mechanical alignment is needed during machining process, which 
combines sensing probe and readout as a single element. 
5.5  MCF cantilever sensor for acceleration detection 
The major fabrication aim is to machine four 45o mirrors into the cross section of a 
multi-core-fibre (MCF) for the purpose of multi-axis displacement and acceleration 
measurement in a space constraint environment. 
5.5.1  Fabrication of 45˚ mirror in MCF  
The 25μm by 25μm 45˚ in- fibre mirror is machined using the same approach discussed 
in 5.2, other than that 4 mirrors are machined onto a single MCF instead. The mirrors 
are aligned to direct the light torward the nearest external surface. (Shown in Figure 
5.25) 
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Figure 5.25   Schematic diagram of 45˚ mirror machined into MCF.  The MCF is tilted 52°in FIB chamber in 
order to show the location of each mirror. The black arrows indicate the direction of light propagating in the fibre. 
The MCF was mounted onto an optical fibre holder. The side of the fibres were dotted 
with silver loaded paint to provide strength of holding with no deformation, as well as 
adding grounding to negate drift during fabrication.  A circle of approximately 100μm 
diameter by 250nm depth was machined into the cross section of a gold-coated 
multi-core fibre to locate the fibre core area.  If necessary this can be repeated, until 
the actual location of the four cores on the surface of the cross section were visible. The 
core positions were carefully measured using SEM (Cross Section), taking angles from 
the centre of the whole fibre.  Having carried out the angle measurement again, the 
fibre was tilted to zero and carry out angle location measurements to match the F IB 
presentation during fabrication.  Figure 5.26 showed the four fibre core area to locate 
the mirrors later on. 
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Figure 5.26  SEM view of MCF with 4 core exposed for identification. 
In order to locate the centre of core easily after Pt deposition, squares of 30μm diameter 
by 250nm depth were machined over each core centre to permanently mark each core 
location and Pt deposition over each square will allow further fabrication with minimal 
charging. 
 
Figure 5.27  SEM view of in-fibre mirrors fabrication process on a MCF. The yellow square measures  the 
dimension of the area used to locate the fibre core area for FIB machining.    
Rough 45o mirrors following the same fabrication methods were machined over each 
core centre position first (shown in Figure 5.27).  This ensured that the shallow edge of 
each mirror is positioned at a 90o angle to its neighbour which will simultaneously 
30µm 
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position each parallel to theoretical tangential lines drawn round the fibre circumference.  
Figure 5.28 shows the SEM view of the MCF during FIB machining.   An ion beam 
scanning pattern is applied onto one of the fibre core by using the same technique 
developed for 45o mirror machining in section 5.2.  A further coating of platinum will 
be carried out over each rough mirror.  For each individual mirror, the fibre has to be 
rotated by 90o, tilted to 7o and polished to a final finish angle of 45o.  The total 
fabrication time in this case is ~35 minutes for each mirror. 
 
Figure 5.28  SEM view of 45˚ mirrors machining process on MCF. The yellow dash line indicates the machining 
area on one of the fibre core. 
It is found that as much grounding as possible of fibres is very desirable, so the holder 
has no clamp as such – this tends to flatten and slightly bend fibres – but is designed to 
be used with (minimal) silver loaded paint as a fixing.  This is easily dissolved with 
acetone to release the fibres after fabrication completion.  As the multi-core fibre 
centre is softer than the rest of the fibre as a whole, unusual features may appear there 
when machining the 100μm diameter circle.  If these features cause problems, it may 
be necessary to fabricate a “doughnut” shape rather than a circle to avoid machining the 
centre of the multi-core fibre.  Figure 5.29 showed the overview of final machined 45˚ 
mirror into a MCF.  It can be seen from the zoomed in part, the mirror is accurately 
machined to be 45˚ with a smooth surface finish. 
25µm 
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Figure 5.29  (a) SEM view of FIB fabricated two 45˚ mirrors in a MCF. (b) SEM view of FIB fabricated four 45˚ 
mirrors in a MCF. (c) SEM view of zoomed in 45˚ mirror from one of the machined mirror in (b). 
The size of the mirror is set at 25μm by 25μ m, bigger mirror size >25μm is excessive 
due to the dimension of MCF, particularly after mocking up an image of what it will 
look like when completed.  This will still leave a spare location to use for parameter 
adjustment and should allow good visualisation of area needed for light transmission in 
the fibre. 
5.5.2  MCF 3D displacement measurement 
To demonstrate the MCF as a micro-displacement sensor, multicore fibre with 45˚ 
mirrors machined was mounted onto a 3D piezoelectric driven translation stage with 
three perpendicular mirrors placed next to the MCF to allow displacement measurement 
between the fibre and the fixed reference mirrors to be measured. An optical cavity is 
formed between the fibre sidewall and the fixed mirror (Figure 5.30). The MCF is 
connected to a MCF fan-out device, which allows 4 cores to be interrogated separately. 
They are connected to SM125 optical interrogator (Micro Optics) to obtain the cavity 
interferogram and hence the final cavity length is determined.  
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Figure 5.30 Schematic diagram of MCF three-axis displacement sensor. (a) top view of cavities formed between the 
45°machined mirror and mirror 1 in Y axis, mirror 2 in X axis respectively. (b) side view of cavities formed 
between the 45°machined mirror and mirror 1 in Y axis, mirror 3 in Z axis respectively. 
The measured interferogram in both X, Y and Z axis are plotted in Figure 5.31(a). The 
distances calculated by FFT analysis are 352.45μm, 416μm and 1.12mm respectively. 
Figure 5.31(b) shows the cavity length changes in X, Y and Z axis versus the movement 
of PZT. 
It can be seen from Figure 5.31(c), the calculated minimum r.m.s. residual error when 
moving the PZT is ~50nm over a measurement range of 250μm. This demonstrates that 
the MCF probe is capable of measuring displacement in three perpendicular directions 
simultaneously, which offers possibility of a single probe to provide multi-dimensional 
measurement in a space constrained environment.  
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         (a) 
 
                   (b)                                              (c) 
Figure 5.31  (a) Interferogram obtained between X,Y and Z cavities respectively. (b) Calibrated cavity lengths 
change for X,Y and Z cavities versus PZT movement. (c) Residual error of cavity lengths change for X, Y and Z 
cavities respectively.  
In this section, 45˚ micro mirrors were successfully fabricated onto the end of an MCF 
by using focused ion beam machining. These structures offer the potential for having a 
single probe capable of multiple measurements in a confined measurement volume. 
Initial experimental results show that the machined structure can be used as a three 
dimensional position sensor to measure the displacement between the mirror and a 
surface.  
5.5.3  2D acceleration measurement 
Another application of this micro machined 45˚ mirror on MCF is 2D acceleration 
measurement. Here the whole fibre forms the cantilever, and is freely suspended inside 
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a metallic tube. The inner surface of the metallic tube serves as a reflecting surface, 
allowing the light in the MCF to be reflected by the micro-mirror machined into the 
MCF. 
Before the MCF is encapsulated into the tube, it is necessary to add a proof-of-mass at 
the tip of MCF to optimise the acceleration range down to <10g for our application. A 
“glass solder” preform, which has a donut shape, is used as end mass and carefully 
inserted through the fibre by a 3D translational stage and cured in place by epoxy, 
shown in Figure 5.32.  The outer diameter of the soldering preform is 735μm while the 
inner diameter is 264μm. The weight is enough to produce the low g acceleration 
measurement with this particular MCF cantilever dimension. Cavity length fringes 
between the 45˚ mirror in MCF and a reflecting tube surface are shown in Figure 5.33. 
 
Figure 5.32 Microscopy view of basic structure of a MCF cantilever accelerometer with soldering preform as an end 
mass. 
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Figure 5.33 Interferogram obtained between a MCF and the reflecting tube surface to form a FP interferometer. 
Consider the optical fibre itself is a cantilever. The deflection at the end of optical fibre 
can be expressed as: 
 
EI
alA
x
8
4
                  (5.20) 
Where A is the cross-sectional area of the beam, ρ is the mass density, l is the length of 
the optical fibre, a is the acceleration, E is the Young’s  modulus and I is second 
moment of area.  For a cylinder shape: 
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                      (5.21) 
Where d is the diameter of the fibre, for the silica fibre employed in this work, 
ρ=2280kg/m3, E=59GPa and d=125μm. 
The deflection of the optical fibre under acceleration is proportional to l4, so increasing 
the cantilever beam length can increase the sensitivity, however, longer cantilever will 
reduce the frequency detection range and also is not suitable for applications in space 
constraint environment. The first resonant frequency of a cylindrical cantilever beam 
can be expressed as: 
A
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Acceleration is measured by using the three wavelength laser interrogation system 
described in section 5.3 but only one wavelength is used for cantilever acceleration 
measurement. The frequency response (Magnitude ratio of Output signal divided by 
input signal) of MCF accelerometer is investigated over a range of 10-6000Hz and 
plotted in Figure 5.34.  It can be seen that below 2000Hz, the amplitude ratio of 
frequency response is nearly flat. As the vibration frequency increases, the frequency 
response ratio also increases, which means a nonlinear response happened here.  The 
measured resonant frequency of MCF cantilever accelerometer is around 4200Hz, while 
the resonant frequency calculated by model is 4380Hz for cantilever with ~6mm length.  
As the cantilever hinge is glued to the metal tube by epoxy, the real cantilever length 
taken to calculate the resonant frequency is different from the measured one. Another 
factor which might cause the error is the alignment between the mirror and the reflected 
metal surface. The deviation of scatter light can lead to poorer visibility thus increases 
the deflection error of interrogation system and finally lead to the measured acceleration 
error. 
In the case of low g acceleration measurement with a frequency bandwidth up to 
2000Hz, it was possible to tune the resonant frequency and expand the flat response 
range by optimising the cantilever length and the weight of end mass. 
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Figure 5.34  Frequency response of a MCF accelerometer versus frequency change. Black square shows the 
measured acceleration by optical fibre side cantilever while the small red dot is the frequency response from 
theoretical calculation. 
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Figure 5.35  Measured acceleration from a MCF accelerometer compared with B&K 4500 electronic accelerometer 
at different frequencies.  The applied acceleration is 3g at a vibration frequency of 60Hz. 
Secondly, acceleration responses of MCF optical fibre accelerometer under different 
vibration frequencies are monitored (as shown in Figure 5.35). The same electronic 
accelerometer is used as a reference. The acceleration measured by MCF cantilever is 
close to the applied electronic accelerometer. In low frequency vibration (<2kHz), 
increase in applied acceleration will lead to a nearly linear response of acceleration 
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measured by MCF, however, as the frequency increase to 3kHz, acceleration measured 
by MCF starts to become larger because of the nonlinear effect of frequency response.  
To reduce this effect, resonant frequency can be tuned to high range by optimising the 
cantilever length and weight of end mass [5.10]. 
Two axis acceleration measurements are also demonstrated by mounting the 
encapsulated MCF accelerometer to the shaker. The vibration axis of the sensor is pre 
aligned with the vibration axis of the shaker. To show that the sensor can measure 
acceleration in two axes simultaneously, the vibration and cross axis response of MCF 
accelerometer were recorded from 0.5g to 6.2g (shown in Figure 5.36). Both on-axis 
and off-axis acceleration increase as the amplitude of vibration is increased. The figure 
shows that the MCF accelerometer measures a significantly higher acceleration 
response in the vibration axis than in the cross-axis. It should be noted here, any 
rotational misalignment of the sensor will increase the cross-axis response. The 
minimum crosstalk is calculated to be ~24.1dB at 6.2g: the maximum acceleration 
tested. 
0 1 2 3 4 5 6 7
0
1
2
3
4
5
6
7
 On-axis acceleration
 Off-axis acceleration
M
C
F
 a
c
c
e
le
ro
m
e
te
r(
g
)
Electronic reference accelerometer(g)
 
Figure 5.36  On-axis and off-axis accelerations of MCF accelerometer measured at 60Hz. 
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To further investigate the acceleration response of MCF accelerometer, the sensor is 
pre-aligned 45˚ to the vibration axis. Acceleration signals from both X and Y axis are 
interrogated by the system discussed in 5.5.3 and plotted in Figure 5.37. 
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Figure 5.37  Acceleration measured by MCF accelerometer with 45˚ angle aligned to vibration axis.(a) Acceleration 
measured in X axis. (b) Acceleration measured in Y axis. 
From the figure, it shows that the frequency response of a sinusoidal acceleration at 
60Hz with a peak acceleration of 4g. The peak acceleration measured by MCF 
accelerometer in x axis is 4.1g, while in y axis is 3.92g.  Both X and Y axis have an 
acceleration noise level of ~0.2g. 
In this section, an optical fibre cantilever accelerometer is successfully fabricated for 
two dimensional acceleration measurements. The cantilever sensor consists of 45˚ 
mirrors fabricated onto the end of an MCF by using focused ion beam machining and 
then encapsulating the MCF in a metallic tube.  The mirror is accurately aligned with 
optical fibre core, which avoids issues associated with the alignment of external turning 
mirror components.  A MCF three dimensional displacement sensor is first 
demonstrated with a displacement resolution of 50nm over a measurement range of 
1mm.  Further experimental results show that the MCF cantilever can be used as an 
accelerometer capable of measuring acceleration up to 6g with a linear frequency range 
(a) 
(b) 
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from 10Hz to 2000Hz.  The frequency response of the sensor could be adjusted by 
altering the length of fibre and mass fixed to the end of cantilever which formed the 
sensing element.  The on-axis acceleration is measured to be 10 times higher than 
cross-axis acceleration. 
The MCF cantilever accelerometer offers the potential for having a single probe capable 
of multiple measurements in a confined measurement volume.  The in-fibre micro 
mirror could also be potentially used for imaging or sensing where the target area is side 
of the probe.  It would be useful if larger diameter MCF is fabricated to allow more 
space for multi-cantilevers machined in a single MCF. This will offer the route to 
measure multi-axes acceleration with a single probe.  In addition, the all silica feature 
will make the sensor more robust with harsh environment. 
The acceleration range was limited by the shaker used for vibration test. Higher 
acceleration can be measured if a larger resonant frequency of shaker is used.  
5.6  Conclusion 
In this chapter, an in-fibre 45˚ mirror is successfully machined on both single mode and 
MCFs by FIB milling with optical surface finish.  The resulting mirror is demonstrated 
to be at least 25μm by 25μm to achieve a good reflection spectrum.  The characteristic 
of this micro-machined mirror is evaluated and the angle is verified by white light 
interferometer to be 45˚±0.05˚.  The in-fibre micro-mirror provides a new route for 
sensing where the deflection and displacement are parallel to the direction of optical 
fibres in a harsh and space constrained environment. 
Several applications of the 45˚ micro-mirror are demonstrated: MCF for three-axis 
displacement measurement, MCF cantilever for two axis acceleration measurements and 
optical fibre side cantilever for acceleration measurement.  We expect that in the future, 
the in-fibre 45˚ mirror can be used for sensing in space constrained environment with 
multiple parameters to be measured. 
 
 
 
161 
 
Reference 
[5.1]  R M Bradley, and J M E Harper, “Theory of ripple topography induced by ion 
bombardment”, Journal of Vaccum Science and Technology A, vol.6, pp.2390-2395, 
1988. 
[5.2]  Y Fu, N K A Bryan, O N Shing and N P Hung, “Influence of the redeposition 
effect for focused ion beam 3D micromachining in silicon”, The International 
Journal of Advanced Manufacturing Technology, vol.16, pp.877-880, 2000. 
[5.3]  X M Goh, N M Dragomir, D N Jamieson, A Roberts, and D X Belton, “Optical 
tomographic reconstruction of ion beam induced refractive index changes in silica”, 
Applied Phycis Letters, vol.91, pp.181102-181110, 2007. 
[5.4]  A Yariv, “Optical Electronics”, Springer, New York, 1975. 
[5.5]  D Marcuse, “Loss analysis of single-mode fiber splice”, The Bell System Technical 
Journal, vol.56, pp.703-718, 1977. 
[5.6]  D Kleppner and R Kolenkow, “An Introduction to Mechanics”, Second Edition, 
Cambridge University Press, 2013. 
[5.7]  F Albri, J Li, R R J Maier, W N MacPherson and D P Hand, “Laser machining of 
sensing components on the end of optical fibres”, Journal of Micromechanics and 
Microengineering, vol. 23, pp.45021-45028, 2013. 
[5.8]  W N MacPherson, S R Kidd, J S Barton and J D C Jones, “Phase demodulation in 
optical fibre Fabry-Perot sensors with inexact phase steps”, IEE-Proceeding of 
Optoelectronics, vol.144, pp.130-133, 1997. 
[5.9]  J Y Chen, D J Chen, J X Geng, J Li and H W Cai, “Stabilization of Optical 
Fabry-Perot Sensor By active feedback control of diode laser”, Sensors & Actuators 
A. Physics, vol.148, pp. 376-380, 2008. 
[5.10]  J Kalenik and R Pajgk, “A cantilever optical-fiber accelerometer,” Sensors and 
Actuators A , vol. 65, pp. 350-355, 1998. 
  
 
 
162 
 
Chapter 6  
Ferrule-top polymer cantilever sensor for rapid bio-detection 
6.1 Introduction 
In previous chapters, optical fibre cantilever sensors for physical and chemical 
application were investigated for temperature/pH sensing, multi-axis displacement and 
acceleration measurement.  In this chapter, the use of polymer film micro-cantilevers 
on optical fibres for bio-sensing will be investigated. This includes monitoring the 
binding energy between biotin and streptavidin [6.1] and followed by the rapid food 
pathogen detection based upon antibody-antigen binding. By functionalizing the 
cantilever surface with different biomaterials, mechanical bending due to surface stress 
change can be determined. 
The general configuration of a micro-cantilever based biosensor model can be found in 
Figure 6.1. Frist of all, a thin layer of Cr/Au is coated onto the cantilever surface. Then    
sensing bioanalyte is functionalized onto one side of the cantilever by a standard SAM 
process as described in Chapter 4 and blocking analyte is functionalized onto the other 
side of cantilever for internal control.  The binding strength between gold and thiol is 
so strong that it will form a well ordered thiol-gold bonding. The other end of 
bio-molecular group is designed to bind with a detection molecule.  As a result, 
surface binding will generate either compressive or tensile stress which is then 
converted to force on the cantilever surface.  The force will go up to an equilibrium 
position as the binding process proceeds.  Hence, by detecting the deflection of this 
force, the characteristic of the specific analyte can be determined. A typical laser 
machined cantilever under the SEM is shown in Figure 6.2.  The dimension and shape 
of the cantilever can be varied by adjusting the laser machining parameters. 
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Figure 6.1 General structure of a cantilever based biological sensor model. Cantilever is coated with Cr/Au on both 
sides. The top side of the cantilever is used for sensing. Here –SH is thiol bond that bounds to Au and –X is  the 
functional head group which interacts with detection biomolecular. The bottom side of the cantilever is usually used 
as a reference for blocking biological reaction. 
 
Figure 6.2 Laser micro-machined polyimide cantilever under SEM . 
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To convert cantilever deflection to bio-molecular binding induced surface stress, 
adsorption induced differential surface stress between the two sides of the cantilever 
needs to be calculated by monitoring the cantilever deflection change.  Based on 
Stoney’s equation mentioned in Chapter 2, cantilever deflection can be converted to the 
differential surface stress. 
To overcome the drawbacks of the conventional micro-cantilever biosensor, an 
alternative approach to fabricate a portable ferrule-top cantilever is presented to monitor 
the biomolecule binding as well as potential application in food pathogen rapid 
detection. The sensor combines the sensing probe with a standard optical fibre as a 
delivery device.  In this way, the signal can be interrogated using low-cost lamp and 
spectrometer.  A detection limit of streptavidin of 10nM is found with Biotin-HPDP 
(Pyridyldithiol-activated, sulfhydryl-reactive compound, EZ-Link, Thermo Scientific)  
functionalized cantilever surface.  This was on the same saturation level as previously 
reported results using optical beam deflection method on a silicon nitride cantilever 
[6.3].  The saturation time takes only less than 20 minutes at the minimum streptavidin 
concentration of 10nM.  
In this chapter, the use of a ferrule-top cantilever as a biosensor is investigated.  
Real-time binding process is monitored between biotin and streptavidin and a further 
application of the sensor for pathogen detection is demonstrated.  Furthermore, the 
effectiveness of cantilever biosensor was also tested, and compared with an ELISA 
(described in Chapter 2) system.   
6.2 Fabrication of ferrule-top biosensors 
The initial aim is to fabricate a portable biosensor that can combine the sensing probe 
and readout as a single element.  Here an optical fibre held using a commercial optical 
fibre ferrule has been used as the support.  A polymer cantilever is machined by a 
ns- laser to the desired dimensions and shapes usually ~1mm long, hundred µm wide 
and ~20µm thick.  These cantilevers can be bonded to standard fibre optic FC/PC 
ferrule to form the sensor.  In this section, the fabrication techniques of a ferrule-top 
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cantilever and its applications to monitor biological binding are investigated.  This 
includes biotin-streptavidin binding and a further application in rapid food pathogen 
detection is discussed. 
The fabrication of a ferrule-top cantilever can be divided into several steps (Figure 6.3).  
First of all, patterning the supporting intermediate layer; second, ns-laser machining of 
the cantilever; third, functionalization of cantilever surface; forth, laser bonding of 
cantilever to optical fibre ferrule and finally secure the bonding by epoxy.  Each of 
these steps will be discussed in detail in the following sections. 
 
S1800 4~5 μm 
Polymer 
Film 
25 μm 
UV exposure, develop, bake 
Laser machining  
of cantilever 
Spin coat 
Bond cantilever to ferrule 
(a) 
(c) 
(b) 
(d) 
Cantilever 
 
Figure 6.3  Overall fabrication process of ferrule-top biosensor. (a) Side view of spin coated S1800 photoresist on 
top of 25μm polymer film. (b) Top view of patterned ring after UV exposure, developing and baking process. (c) 
Laser machining of polymer cantilever. The cantilever is shown with gray colour in the centre of the ring structure. (d) 
Final cantilever with supporting layer ready  for bonding to the optical ferrule. 
6.2.1 Introduction to Inazuma laser workstation 
A diode-pumped and Q-switched nanosecond Inazuma laser is used for both machining 
and bonding.  The laser head provides 1064nm output and can be doubled to provide a 
532nm output.  The maximum output of the laser is 35W for Q-switched power in 
1064nm and 20W in 532nm.  For polymer cantilever machining purpose, a few Watts 
of laser average power above the ablation threshold is enough to produce a rectangular 
shape with mm dimension.  The pulse repetition rate is adjustable from 15 kHz to 100 
kHz.  
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The laser beam is collimated and focused into the scan head for machining.  The stage 
can travel in vertical direction up to several hundreds of mm.  When machining, the 
sample is clamped onto the stage with a bolt in order to secure its position. 
The machining process starts with finding the correct DOF and allowing maximum 
machining efficiency at this point as discussed in Chapter 4.  The aim of laser 
machining is to form to the suitable cantilever shape which matches with the ferrule 
dimension for bonding process. 
6.2.2 Patterning the support structure 
The aim of building up a ring structure on top of polymer film is to form the 
intermediate layer supporting the cantilever.  The dimension of the donut shape will fit 
the standard optical fibre ferrule (Throlabs1550, FC/PC).  The polymer film is first 
cleaned and nitrogen dried as the substrate for spin coat. S1800 photoresist (Microposit 
Co. Ltd) is poured onto the polymer substrate.  Due to the characteristics of this 
photoresist, only 5μm of S1800 can be spin coating onto the 25μm substrate, therefore, 
cleaning is crucial as ~μm surface roughness will affect the thickness and flatness of the 
intermediate supporting layer. 
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Figure 6.4  Top and side view of patterned structure onto 25μm polyimide film to create a supporting layer of the 
cantilever. The black ring shows the S1800 photoresist used as a supporting layer while the grey circle indicates the 
polyimide substrate.  
S1800 photoresist was patterned on top of polymer film (Kapton Co. Ltd.) to form 
circular ring structures by spin coating (shown in Figure 6.4).  The polyimide film will 
form the cantilever after laser processing. S1800 was used as an intermediate supporting 
layer, providing an nm flat surface for laser bonding between the optical fibre ferrule 
and polyimide substrate.  The patterning steps follow the standard photolithography 
processes (shown in Figure 6.5), and can easily produce lots of similar patterns 
simultaneously.  The resulting pattern had a maximum depth of 4~5μm determined by 
the characteristic of S1800.  A layer of positive photoresist was first spin coat onto a 
cleaned 25μm polyimide substrate.   
After spin coating, the sample was taken to an oven and baked at 65˚C for 1minute and 
then 95˚C for 3minutes. This will form a flat S1800 thin layer onto the polymer 
substrate.  Once spin coating was completed, the sample was covered by a photomask 
and UV exposure at an intensity of 120mJ/cm2 for 3 minutes.  Then the patterned film 
was developed and baked again to ensure a stable structure. The final pattern is shown 
in Figure 6.4, where the intermediate photoresist layer is found to be 5μm. The material 
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Polymer 
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characteristic of photoresist is very important to create a good adhesion between the 
substrate polymer and itself.  A number of materials (SU-8, PMMA) have been tried to 
meet this requirement. However, most of the materials available have poor adhesion to 
polyimide substrate and can easily come off in a short period of time.  S1800 was the 
only photoresist available to have good adhesion onto polyimide surface based on the 
trial experiments. 
 
Figure 6.5  Fabrication procedures for preparing the intermediate layer. 
The second step is to laser micro-machining cantilever onto the patterned substrate.  In 
order to prepare the sample, the patterned structure is taken to ns- laser machining 
system and clamped onto a work stage.  Optimised laser machining parameters with a 
repetition rate of 100 kHz, 30 mm/s scanning speed, 10.6W average laser power is used 
to cut the cantilever.  Lower speed and higher laser power produced thermal damage to 
the machined cantilevers.  On the other hand, when increasing the machining speed, 
the laser was not able to ablate the material.  Figure 6.6 shows the cantilever structure 
after laser processing.  The dimension of resulting cantilever is 1.4mm long, ~300μm 
wide, and 25μm thick.  Based on the mechanical characteristic of the cantilever with 
this dimension, tens of nanometers deflection can be expected from <1N/m surface 
stress which is a reasonable detection range for most of the micro-cantilever based 
Spin coat S1800 
Soft bake 
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biosensors.  In this chapter, the fabrication of a single ferrule-top cantilever is 
discussed, however, demonstrates the potential of mass production. 
 
Figure 6.6  Laser machined polymer cantilever viewed under a microscope. 
After the cantilever is successfully machined, the surface must be functionalized with 
different bio-molecules to meet the binding requirement.  In terms of different 
biological applications, cantilever will be either activate or deactivate depending upon 
the specific analyte.  The SAM process is an effective way to bind thiol group (–SH) to 
a gold coated cantilever surface. The bonding between –SH and gold is so strong that 
it’s possible to develop micro-cantilever sensors functionalized with different 
biomolecules. The typical procedure normally starts with coating one side of the 
cantilever with 4nm Cr and then ~20nm Au followed by the SAM process to add 
activated biomolecules onto the cantilever surface.  The other side of cantilever is 
functionalized with a blocking biomolecule used as an internal reference control. The 
blocking layer can reduce the error caused by non-specific binding for ferrule-top 
cantilever biosensor.  This is one of the advantages of cantilever based biosensor, since 
most of other types of biosensor need a second reference sensor to avoid non-specific 
binding for biological applications. Special care must be taken when dealing with 
500µm 
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cantilevers, as it may be contaminated and produce a rough bonding surface, therefore, 
surface protection and cleaning with nitrogen is necessary to ensure a clean cantilever 
surface for bonding. 
6.2.3 Structure bonding 
The bonding process can be divided into two stages.  First of all a laser pre-bonding 
process is used to temporarily attach the cantilever to the ferrule and then post-bonding 
with epoxy to form a permanent and rugged bond.  The combination of pre and post 
bonding process can provide sufficient bonding strength between the optical fibre 
ferrule and the polymer cantilever, thus avoid the possibility of epoxy flowing onto the 
optical fibre facet. The purpose of the bonding is to attach the cantilever structure to the 
fibre optic FC/PC ferrule firmly.  As a result, the sensing probe and readout can be 
integrated as a single element and both measurement and data transmission can be 
finished by simply contacting the sensor with the test solution.  
The laser pre-bonding process is shown in Figure 6.7.  A fibre optic FC/PC ferrule 
with cantilever structure aligned in position was securely held by an aluminium block. 
A microscope slide covered the ferrule from the top and was clamped firmly onto the 
work stage.  Using microscope slide allowed the laser beam to be easily transmitted 
into the bonding resin.  The process provided an initial bonding to secure the 
ferrule-top cantilever sensor and avoid the risk of epoxy adhesive flowing into the 
cantilever cavity gap.  Furthermore, laser bonding is a direct bonding process by fast 
melting and cooling of the bonding material at a molecular level.  Therefore, it’s more 
robust compared with using epoxy. 
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Figure 6.7  Experiment set-up of laser bonding process. 
 
Figure 6.8  Schematic diagram of ns-laser machining pattern used for bonding.  
The bonding pattern is programmed by the waver runner software (Utfield Technology) 
as shown in Figure 6.8.  The laser beam with a wavelength of 532nm was started 
inside the ring pattern and followed the direction of the pattern until it ended at the 
outside of the ring.  An optimal bonding speed of 5mm/s, 100 kHz repetition rate and 
~2W of average laser power were used during the experiment to achieve the best 
bonding strength.  A one-step direct bonding process by laser would be ideal, however, 
the adhesion between the supporting photoresist and the ceramic optical fibre ferrule  
was not strong enough to provide the bonding strength necessary for sensing application 
and the sensor has to be further secured by glue applied around the outer circumference 
of the structure.  
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Figure 6.9  (a) Top view of a ferrule-top biosensor under microscope, (b) Fabricated ferrule-top biosensor. 
After the laser pre-bonding process, post bonding process by epoxy was used to secure 
the bonding strength between the ferrule and polymer film.  Both machined polyimide 
cantilever pattern and the optical fibre ferrule were mounted onto the translational stage 
first.  Special care needs to be taken when aligning the centre of ferrule to the tip of the 
cantilever till fringes can be seen from interrogation system to form a FP cavity.  The 
cavity allows the laser machined cantilever to bend for bio-sensing.  By gluing the 
outside edge of ferrule after the initial laser bonding process, the risk of contamination 
of the fibre end facet due to the epoxy falling into the gap is avoided. 
500µm 3mm 
(a) (b) 
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Figure 6.10 Side view of a ferrule-top cantilever biosensor with an optical fibre inserted into the ferrule and glued in 
place by epoxy. 
The side view of a typical ferrule-top cantilever biosensor is shown in Figure 6.10. 
Interference is formed between the inserted optical fibre end facet and the polymer 
cantilever.  When used for monitoring biological binding due to surface stress changes 
the cantilever will deflect either upwards or downwards depending upon the particular 
functionalised coatings and whether they are on the outer or inner surface of the 
cantilever. 
6.3 Syringe pumping system design and biological binding experiment set-up 
In order to monitor biotin-streptavidin binding, the reaction is usually observed in a 
liquid cell at a constant flow.  Therefore, it is important to design and manufacture 
micro-scale fluid pumping system and investigate the behaviour of the fluid at a 
micro-scale.  In the following section, the design of optical fibre cantilever biological 
sensing system will be discussed.  Methods for pumping the solution into the liquid 
cell and the interaction with micro-cantilever sensor will be investigated. 
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6.3.1 Liquid cell design 
The design of a liquid cell for optical fibre cantilever biosensors is shown in Figure 6.11.  
The whole block is mounted onto an aluminium base plate, which can be easily attached 
onto other alignment blocks.  Due to the rapid thermal diffusion speed of aluminium, 
uniform heat dissipation within the whole plate  can be quickly achieved.  The main 
body of the reaction cell is made of PTFE, a biocompatible polymer material resistant to 
the biological solutions under test.  A cell is machined into the material, allowing the 
reaction fluid flow smoothly via the inlet and outlet channels.  The volume of the 
liquid cell is 50μL, enough space for the solution to interact with micro-cantilever 
surface. A transparent lid seals the reacting cell and ensures a relatively stable 
environment for biological binding. 
 
Figure 6.11  Liquid cell design for biological experiments. Ferrule-top cantilever can be dipped into the reacting 
reservoir from the top. 
The design has several advantages.  First of all, the size of the whole mount is portable 
and easy to be removed for other experiments.  In addition, the small size of the cell 
allows biological solution to interact with a micro-cantilever effectively within a small 
volume.  Finally, it’s easy to enclose in a temperature controlled environment to 
minimize the thermal drift of cantilever as well as keep a stable temperature for 
biological interaction.  
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6.3.2 Computerised syringe pumping system  
Biological reactions usually need a stable environment to keep the reaction going for 
several hours. In this case, a mechanical pumping system is designed and manufactured 
which can deliver fluid into the liquid cell at a well-controlled rate and allows the 
solution to continuously interact with the surface of micro-cantilever sensor. The 
schematic of system design is shown in Figure 6.12.  A syringe with a volume of 10ml 
is mounted onto a mechanical translation stage.  Another block is mounted on top of 
the translational stage and ensures good contact with the back of syringe.  The stage 
can travel in one axis with a ~μm accuracy. This allows a constant injection fluid speed 
to pump the solution into the liquid cell.  The movement of the translational stage is 
controlled by a LabView program, and the pumping speed can be optimised via 
software to minimize the flow turbulence effect on the cantilever deflection. 
 
Figure 6.12  Experiment set-up of the syringe pumping system. Solution is injected into the liquid cell via a 
translation stage pumped syringe. 
The tip of the syringe is a needle, which can be inserted into the liquid cell and sealed 
from the outside.  A thermal mat is then attached to the back side of the liquid cell and 
clamped down to an aluminium block. A temperature controller is employed to control 
Liquid cell 
Translation stage 
Syringe Thermal mat 
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the temperature with ±0.1˚C accuracy. The cantilever biosensor is then immersed into 
the liquid cell while the solution is injected into the cell at a slow constant speed.   
6.3.3 Experiment set-up 
All biological experiments discussed use the same interrogation approach. The 
experimental set-up for optical fibre cantilever interrogation is shown below, similar to 
the system described in the previous chapter.  Figure 6.13 shows the schematic 
diagram of a syringe pumping system.  The sensor is sealed into a 50μL liquid 
chamber with a thermocouple placed near the sensor to monitor the chamber 
temperature and provide feedback to a temperature controller (temperature resolution 
±0.1˚C). This allows temperature to be stabilised to ±0.1˚C.   
 
Figure 6.13  Schematic diagram of liquid cell pumping system. Ferrule-top biosensor is immersed into the liquid 
chamber via a hole though the lid from the top. A thermocouple monitors the temperature in the reaction chamber. An 
O ring seals the chamber via a plastic lid. The whole liquid cell is temperature controlled by a temperature controller 
from the bottom. Biological solution is added and an in-let valve can be switched between injecting solution and 
washing.  
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Figure 6.14  Schematic diagram of a ferrule-top biosensor interrogation system. Light from the lamp is coupled into 
the fibre via a microobjective lens. The reflected light is coupled back via 3dB coupler and processed by S2000 and 
LabView system. Zoomed in part illustrates the side view of a ferrule-top cantilever. The incident light is reflected by 
optical fibre end facet 1 and bottom surface of cantilever 2.  
In Figure 6.14 the light is coupled to the sensor via a 3dB coupler.  A HP780 optical 
fibre (Thorlab, USA) is inserted into a FC/PC ferrule with an inner diameter of 127μm. 
The 780nm wavelength region is used due to its higher interrogation phase sensitivity 
compared with 1550nm.  In addition, a high intensity response can be achieved in this 
wavelength with the light source we used for interrogation.  The reflected light is 
partially reflected at the 1st and 2nd surfaces, whereas 1st refers to fibre end facet and 2nd  
refers to cantilever surface.  When the light is reflected and propagates backwards, 
these two signals pass through the same fibre coupler and finally, wavelength 
information is acquired by an S2000 spectrometer. The cavity length L between surface 
1and 2 can be calculated by FFT is used to find the frequency peak which determines 
the cavity length. 
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Figure 6.15 Cantilever cavity length versus time 
The cavity length over a time of 20mins is recorded and plotted in Figure 6.15.  We 
can see that the maximum cavity length error is ~±25nm and a calculated standard 
deviation of ±12nm is achieved.  The fluctuation is much smaller than reported in 
previous chapters for cantilever cavity length in a normal air flow environment.  We 
assume that this is because the damping effect is increased in a liquid environment, 
which makes much more difficult for cantilever to vibrate.  On the other hand, the 
refractive index of solution reduces the visibility of fringes due to the reduction in 
Fresnel reflectivity.  Therefore, the end facet of an optical fibre may require a thin 
layer of deposited metal to optimise the fringe visibility. 
Flow rate and temperature can lead to ambiguous cantilever deflection, and this will 
affect the overall performance of the sensor.  In our case, both sides of cantilever are 
coated with the same thickness of gold to minimise thermal sensitivity due to 
differential thermal expansion. The differential coating thickness error for the 15nm 
range is smaller than 5nm. By using the equation presented in [6.4], temperature 
induced deflection change is <8nm for 0.5˚C.  In this experiment, temperature is 
controlled within ±0.1˚C, which means the thermal induced deflection is within the 
noise level. However, the injection of liquid solution can also cause a temporary 
temperature change and lead to an additional deflection. 
0 200 400 600 800 1000 1200
9.76
9.78
9.80
9.82
9.84
C
a
v
it
y
 l
e
n
g
th
(
m
)
Time(s)
 
 
179 
 
To test the effectiveness of liquid flow, solution is injected by syringe pumping at a rate 
of 2μ l/sec into the test chamber.  Data in Figure 6.16 inferred that at this rate the 
monitored cantilever fluctuation is still within the system noise. 
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Figure 6.16  Cantilever cavity length change versus temperature change over a measurement period of 70 minutes. 
The temperature change is shown in red curve while the cavity length change is shown in black curve.  
The temperature variation is ~0.8K while the cavity variation is ±40nm with an r.m.s. 
error of ~28nm.  As a result of the low reflectivity produced between the cantilever 
and the liquid surface, fringes visibility degraded rapidly once the cantilever is 
immersed in the liquid solution.  It is better to inject the liquid at a slow speed and 
make sure the cantilever is fully immersed into the solution and to avoid bubbles.  If 
any bubbles exist in the fluid, the final interfered signal can be reduced dramatically and 
multiple cavities can be formed, which will make it difficult to determine the real cavity 
length.  To avoid the bubbles, injection speed needs to be controlled carefully. Usually, 
lower speed can reduce the vibration effect to the cantilever, however, in this case, it is 
easier to generate the bubbles. Therefore, a higher injection speed while not causing the 
cantilever to fluctuate would be necessary (as shown in Chapter 4 for pH sensing).   
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6.4 Biotin-Streptavidin binding 
6.4.1 Introduction to Biotin-Streptavidin interaction 
The strong interaction between avidin and biotin was discovered as early as 1941 [6.5]. 
Avidin is a protein commonly purified from chicken egg white.  Biotin is a vitamin 
found in all cells. Streptavidin is a 60 kDa protein purified from the bacterium 
Streptomyces avidinii.  Streptavidin has an extraordinarily high affinity for biotin. One 
of the most important applications of this binding is the purification or detection of 
various biomolecules.  The strong streptavidin-biotin bond can be used to attach various 
biomolecules to one another or onto a solid support.  Harsh conditions are needed to 
break the streptavidin-biotin interaction, which often denatures the protein of interest 
being purified.  However, it has been shown that a short incubation (~hours) in water 
above 70°C will reversibly break the interaction without denaturing streptavidin, 
allowing re-use of the streptavidin solid support [6.6].  
In this section, the ferrule-top micro-cantilever sensor is designed and fabricated to 
monitor the surface energy change caused by biotin-streptavidin binding.  The use of 
the sensor opens the route for new drug discovery and disease diagnosis. 
6.4.2 Materials preparation  
Berger et al [6.7] has used this technique to investigate surface stress and kinetics 
change during SAM processing.  This technique is employed here to demonstrate the 
possibility of using ferrule-top cantilever sensor to monitor surface stress change during 
SAM process. 
The basic SAM functionalization is finished in a fume cupboard environment to allow 
ventilation during the process.  The thiol sample is first weighed via a 4 decimal 
balance and then dissolved in 100% CH3CH2OH solution for SAM processing.  The 
cleaned cantilever is brought to fume cupboard with a small beaker.  The SAM process 
is finished by immersing the cantilever in thiol solution and leaving in a non-oxygen 
environment for 1-2 hours.  The time is sufficient to form a nicely ordered gold-thiol 
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bond onto the cantilever surface.  It is important that during SAM, oxygen is not 
admitted, since this will seriously reduce the binding between gold and –SH.  To avoid 
the oxygen, the sample can be filled with nitrogen and sealing it afterwards. 
To investigate the binding energy during the SAM process, one side of cantilever is 
functionalized with HDT (hexadecanethiol) and the other side with thiol-PEG 
(Poly(ethylene glycol) methyl ether thiol) as shown in Figure 6.17.  Thiol-PEG is used 
as a blocking layer to prevent biological reaction on this side of the cantilever.  
Positive cantilever deflection refers to bend towards the HDT side while negative 
deflection means bending to thiol-PEG side. 
 
Figure 6.17  Schematic view of functionalized cantilever. Cantilever is first coated with Cr/Au on both sides. HDT 
and thiol-PEG are functionalized onto top surface and bottom surface of the cantilever respectively.  
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Figure 6.18  Real time monitoring of HDT binding process versus cantilever deflection. HDT is injected at 200 
second and the whole process is monitored for ~1000 seconds.  
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Cantilever deflection derived from the interrogation system in Chapter 4, was measured 
as a function of time with a HDT concentration of 1mM (shown in Figure 6.18).  
Internal control was used here, where the other side of cantilever is coated with Cr/Au 
and functionalized with thiol-PEG.  In this case, the injected HDT will only interact 
with the top Cr/Au surface, while the bottom surface is a blocking layer. The benefit is 
that both sides are coated with same thickness of Au layer, therefore, deflection due to 
the bimetallic effect is minimized. Furthermore, the thiol-PEG functionalized side 
provides a blocking layer that won’t react with HDT solution.  During the whole 
experiment, a strong response in cantilever deflection was observed and it saturated 400 
seconds after HDT injection. The cantilever bends towards thiol-PEG side 
corresponding to a compressive surface stress. This indicated that the surface stress on 
HDT side is larger than the stress on thiol-PEG side.  
Based on Stoney’s equation (equation 2.8), cantilever deflection can be easily converted 
to differential surface stress.  In our case, the length of the cantilever is 1.4mm, t is 
25μm, E is 2.5GPa for polymer, μ is 0.42.  From Figure 6.18, the noise level of the 
system is within ~10nm.  This is calculated to be a minimum detectable surface stress 
of ~4.6mN/m. 
The maximum surface stress during this process is calculated to be ~100mN/m, which is 
in the same level demonstrated in a previous publication [6.7] for thiol chain lengths of 
16.  The saturation developed on a time scale of ~200s similar to that previously 
reported for monolayer formation by chemisorption on gold [6.8].  It was clear that 
after the saturation point, the cantilever deflection almost reached a flat line and no 
further deflection was found after further injection of HDT.  The noise level found in 
this period was on the same level as before SAM process.  It can be inferred that after 
the saturation, the reaction reaches an equilibrium state, therefore, the differential 
surface stress. 
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6.4.3 Experiment and results analysis 
To further investigate the binding stress on the cantilever surface, the use of ferrule-top 
polyimide cantilever to monitor real time binding process between biotin-HPDP and 
streptavidin is demonstrated.  By using the interrogation system mentioned in Chapter 
3, the binding process between biotin and streptavidin is monitored and analysed.  
During the whole experiment, pH is controlled at 7.4 with Phosphate Buffer Solution 
(PBS) solution.  Biotin-HPDP (Thermo Scientific EZ-Link) is pyridyldithiol-activated, 
sulfhydryl-reactive biotinylation reagent that conjugates via a cleavable disulfide bond 
to enable use in variety of biological application.  One side of the cantilever is 
functionalized with biotin-HPDP while the other side with thiol-PEG by using the 
similar SAM process discussed in the previous section.  Both sides of cantilever are 
coated with the same thickness of Cr/Au in order to minimize the temperature induced 
deflection as we mentioned previously. The aim of thiol-PEG is to block any 
non-specific binding on the reference side of cantilever. The step is important, since 
non-specific binding between protein and gold or protein and biotin-HPDP may lead to 
additional surface stress change, which in turn will contribute additional cantilever 
deflection. The schematic diagram of functionalized cantilever can be found in Figure 
6.19(a). Here we define cantilever bend towards the thiol-PEG side as positive whereas 
cantilever bend to Streptavidin side as negative. 
Figure 6.19(b) showed the real-time cantilever deflection plotted as streptavidin is 
injected gently to the liquid chamber. The cantilever bends away from biotin 
functionalized surface.  The reaction was rapid after injection of streptavidin. 
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Figure 6.19 (a) Schematic diagram of cantilever structure with biotin-HPDP functionalized onto the top side and 
thiol-PEG onto the bottom side. (b) Time versus cantilever surface stress change. The response time is roughly ~10 
minutes to allow cantilever goes to equilibrium state. With a maximum surface stress ~120mN/m found at 50nM. 
Cantilever deflection for streptavidin at a concentration of 10nM, 20nM, 30nM, 40nM 
and 50nM are monitored.  For each case, after injection, the cantilever starts to bend 
rapidly.  A reaction time of approximate 10 minutes was found before the cantilever 
reaches a steady-state deflection for each case. The minimum binding time of ~10 
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minutes was found at 50nM concentration.  It seemed that the higher the concentration 
the less time it took to reach the saturation position. This was probably because that as 
the streptavidin concentration increases then the number of available streptavidin 
molecules bind to the biotin will increase, thus causing more compressive surface stress.  
As a result, the differential surface deflection was increased. The cantilever deflection 
was monitored for another 20 minutes and there was no continuous deflection observed 
after the saturation.  It can be indicated that most of the streptavidin has bonded onto 
the biotin site and the interaction between each molecule had reached equilibrium, and 
thus there is no additional differential surface stress applied on the cantilever surface.   
The sharp edge between the maximum cantilever deflection and the saturation level 
might due to the differential surface stress change.  When the binding reaction reached 
a balanced point, the surface energy went to equilibrium state, therefore, the deflection 
fluctuation stayed within the system noise level. 
The minimum detectable level of streptavidin is ~10nM, limited by the interrogation 
resolution.  The cantilever deflection of the biosensor at this concentration was just 
above the noise level of the interrogation system.  When reducing the streptavidin 
concentration, below this level it was hard to detect any deflection. 
To test the repeatability, a fresh activated cantilever was used.  Under the same 
experimental condition, cantilever deflection after streptavidin injection versus time was 
monitored.  The deflection was converted by Stoney’s equation to the surface stress 
and plotted in Figure 6.20.  After injection of the same concentration of streptavidin, 
the cantilever started to deflect and reached an equilibrium point in each case.  
Although the saturation level of cantilever deflection was not the same in each case, the 
difference between the two is within 15nm based upon the best case we measured.  
The different saturation may suggest that the geometry of laser micro-machined 
polymer cantilever is slightly different.  Thus the surface stress is not the same for a 
given deflection by using Stoney’s equation.  Furthermore, the biological environment 
and characteristic of streptavidin may also vary, resulting in different surface energy.  
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The effective reaction time monitored was between 15~20 minutes.  This is a 
reasonable response time for most binding experiments using micro-cantilever 
transducers as presented in earlier chapters. 
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Figure 6.20  Repeat monitoring of surface stress changes versus time at a streptavidin concentration of 30nM.  
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Figure 6.21  Concentration of streptavidin versus cantilever differential surface stress change. When increasing the 
concentration of streptavidin the surface stress increased accordingly. The minimum detectable surface stress is at 
10nM concentration of streptavidin. 
The injected streptavidin concentration vs. surface stress change is plotted in Figure 
6.21. Starting with the minimum detectable concentration at 10nM and then increasing 
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to 50nM with 10nM steps. A maximum binding stress of 129.4mN/m between 
biotin-HPDP and streptavidin was found at a concentration of 50nM. At each 
concentration, three repeat experiments were carried out in order to identify the 
saturation level of cantilever deflection. In each case, ~10mN/m surface stress 
difference was found between each experiment at a fixed concentration. The surface 
stress increased as the concentration of streptavidin increases, however, at higher 
concentration, the speed of surface stress change is slower than at lower concentration, 
and there was a trend for streptavidin to saturate at a higher concentration.  
Unlike conventional methods which use a smooth functionalized layer on a gold coated 
Si/Si3N4 cantilever surface, a polyimide cantilever with nanometer surface roughness is 
used.  In this case, the inter-analyte induced deflection will be enhanced [6.9]. The 
measured stress surface value in our case is therefore larger than the smooth one.  
6.4.4 Summary 
In this section, a ferrule-top cantilever biosensor was successfully fabricated onto the 
end of an optical fibre. The sensor combined sensing probe and readout as a single 
element, thus time-consuming alignment process during use was avoided. The 
fabrication techniques offer potentially low cost and mass production, which is 
promising for industrial application. 
The use of the ferrule-top polymer cantilever as a biosensor to investigate 
biotin-streptavidin binding was also demonstrated. A minimum streptavidin detection 
level of ~10nM was observed. The development of a new generation of 
micro-cantilever biosensors allowed high sensitivities fast response biological binding 
with small sample volume and potential offered new route for clinic drug diagnosis. 
6.5 Food pathogen detection by micro-cantilever technique  
6.5.1 Introduction to traditional methods  
The current development of label- free biosensors for new drug discovery, disease 
diagnostics and the healthcare industry has driven researchers to investigate 
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miniaturised biosensors that can improve the detection sensitivity and reduce the 
response time.  In this section, a potential application of ferrule-top biosensor as a 
rapid food pathogen detection device will be investigated and discussed.  Different 
pathogen concentration from 104cfu/ml to 108cfu/ml (cfu: Colony-Forming Units) are 
injected into reaction solution and a minimum detectable pathogen concentration of 
<104cfu/ml based up on the interrogation system developed in this thesis is 
demonstrated. 
According to the working principles, foodborne pathogen detecting methods can be 
divided into several main groups, including classical culture methods, bioluminescence, 
cell counting, immunological methods and nucleic acid-based assays [6.10] etc.  These 
detection methods can be rapid, as the detection time is usually within a day, more 
convenient (automation), sensitive and specific [6.11]. 
Traditional food pathogen detection methods are based on particular culture media that 
can be used to identify, isolate or enumerate viable microorganisms [6.12].  These 
methods are both qualitative and quantitative; furthermore, they are well established, 
reliable, sensitive and low cost [6.10]. However, traditional methods usually involve 
multi-step processes and the preparation is always time-consuming, needing extra 
labour and special skills [6.13]. 
A most widely used immunological technique for rapid biodetection is called ELISA 
(mentioned in Chapter 2), which is based on the specific binding between an antibody 
and its antigen.  An ELISA system basically consists of a primary antibody (also called 
detection antibody) that was immobilized to a microtitre well, antigen, and a secondary 
labelled with an enzyme [6.14].  Figure 6.22 below shows four different formats of 
ELISA. The first one is called direct assay which the antigen is attached to an ELISA 
well and enzyme is attached to the antigen via primary detection antibody.  The second 
one is indirect assay. In this case, the antigen is attached to an ELISA well and a 
primary detection antibody bound to the antigen, followed by a labelled secondary 
detection antibody attached to the primary detection antibody. The third one is called 
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direct sandwich ELISA which a capture antibody is first attached to an ELISA well and 
antigen is attached to the capture antibody with a labelled primary detection antibody 
bind to the antigen.  The final one is called indirect sandwich ELISA. The detection 
processes start by attaching a capture antibody to an ELISA well then bound to an 
antigen. A labelled secondary detection antibody binds to the antigen via a primary 
detection antibody. The ELISA technique has played an important role in the area of 
rapid detection as a well-established method. The detection limitation the ELISA 
system is usually from 103 to 105cfu/ml [6.13].  Although the technology is 
theoretically highly specific binding between antibody and its antigen [6.15], it still 
need labelling process for detection and this sometimes brings additional error. 
 
Figure 6.22  Formation of common ELISA detection configuration: Direct Assay, Indirect Assay, Direct Sandwich 
and Indirect Sandwich. 
Polymerase chain reaction (PCR) has been a very popular diagnostic method in the field 
of pathogen detection over the last 20 years [6.16] and has received much attention 
because of its potential to be a selective, specific, sensitive and automatic rapid 
detection method. However, the procedure is often time-consuming, therefore, add the 
cost to the whole system. With the development of real-time (quantitative) and 
multiplex PCR [6.17], the method is becoming more cost effective, and powerful, thus 
is accepted by more and more people.  
Primary detection antibody 
Secondary detection antibody 
Capture antibody 
Antigen Enzyme 
Direct Assay Indirect Assay Direct Sandwich Indirect Sandwich 
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By transferring surface stress to nanomechanical force, micro-cantilevers based 
biosensors are capable of monitoring DNA hybridization, conformational changes of 
DNA [6.18], and antigen-antibody binding in solution [6.19].  Recent experiments 
using micro-cantilever sensors have demonstrated this label- free approach for pathogen 
detection with a high sensitivity of 1000cfu/ml pathogen [6.20]. 
In this section, the ferrule-top cantilever as a practical biosensor will be designed and 
manufactured for Listeria innocua pathogen detection based upon the binding between 
antibody and antigen.  A proof-of-concept experiment collaborated with Dr R Fowler 
and Miss Y X Zhou in school of life science, Heriot-Watt University has shown the 
capability of detecting <104cfu/ml Listeria innocua in a buffer solution. Compared with 
the traditional micro-cantilever, the ferrule-top biosensor can integrate the sensing probe 
with readout as a single element. 
6.5.2 Listeria species and biotinlated antibody 
In this thesis, the specific binding of Listeria innocua pathogen is investigated. These 
pathogens can be usually found in food such as fresh and salt water, sewage sludge, and 
decaying vegetation. Here, a non-pathogenic L. innocua strain was used for 
proof-of-concept binding experiment. Figure 6.23 shows the microscope view of 
Listeria bacteria with an oil immersion lens on a standard microscope slide.  The 
dimension of the Listeria bacteria is measured to be a few microns, which is much 
bigger than an antibody (dimension in ~nm). 
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Figure 6.23 Listeria bacteria under microscope with an oil immersion lens. 
6.5.3 Materials preparation  
Table 6.4 below lists the reagents, media used for the experiment.  All the materials are 
prepared and provided by Miss Y X Zhou, MSc student in the department of life 
science. 
Table 6.4 Reagents, media and broth used for binding experiment 
10% Formalin 1:10 dilution of Formaldehyde Solution 
Blocking Buffer 
1% Bovine Serum Albumin (BSA, Sigma, 
1000546947) in TBS 
Coating Buffer 0.05M  Carbonate-Bicarbonate, pH 9.6 
Elution Buffer 50mM  Tris-HCl, 1.4M  NaCl 
Phosphate Buffered Saline (PBS) Phosphate Buffered Saline (Oxoid, BR0014) 
Sample/conjugate diluent 1% BSA, 0.5% Tween 20 in TBS 
Stop Solution 0.18M  H2SO4 
Tris Buffered Saline (TBS) 50mM  Tris-HCl, 150mM  NaCl, pH 7.6 
Wash Solution 0.5% Tween 20 in TBS 
5 µm 
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The Listeria innocua strain was purchased from Oxoid. Cultures were established as 
described by the manufacturer. Biotinylated polyclonal rabbit anti-L.monocytogenes 
antibody (Abcam, product ab20766) and the HRP (horseradish peroxidase) labelled 
polyclonal rabbit anti-L. monocytogenes antibody (Abcam, ab20357) were used as the 
capture antibody and detection antibody respectively.  All media and broth were 
obtained from Oxoid, and prepared by MSc student Y X Zhou. 
The bacterial sample was prepared by inoculated into food sample, adding three L. 
innocua colonies in 5 ml saline and diluting with Maximum Recovery Diluent (MRD) 
to a series of dilutions down to 10-6.  A centrifuged (Micro Centaur, MSE, S99407346) 
was used to separate bacteria from the solvent. 
Cantilevers were first coated with a thin layer of Cr for adhesion and then evaporated 
with 20nm gold. The selected biotinylated capture antibody was coated onto the 
cantilevers by self-assembly monolayer process. 100μl of biotinylated capture antibody 
diluted with coating buffer (0.05M Carbonate-Bicarbonate) was added into a 1.5 ml 
eppendorf with the gold coated cantilever inside. Then the eppendorf was sealed with 
parafilm in the fume cupboard and left at room temperature for ~3 hours.  After this 
procedure, the remaining buffer was removed and the cantilever was washed (all wash 
steps consisted of applying the wash solution 5 times, each was accomplished within 5 
minutes along with gentle shaking on a flat surface).  Finally, 200μl blocking solution 
was added into the reaction tube that was incubated at room temperature for ~2 hours, 
following a cantilever washing process carried out as before. 
6.5.4 Pathogen study on functionalized cantilever surface   
The purpose of this experiment is to investigate the binding characteristic of biotinylate 
antibody onto a gold coated polymer cantilever and compare it with the traditional 
ELISA well.  The schematic diagram of an ELISA detection system is shown in Figure 
6.24 with all steps finished at room temperature.  First of all, biotinylated capture 
antibody diluted with coating buffer was added into each well and incubated for 1 hour.  
The ELISA wells were washed following the same washing steps used earlier in this 
 
 
193 
 
chapter. After that, blocking solution was added into each well and incubated for 2 
hours in order to block the non-specific binding site. The blocking solution was 
removed and wells were washed.  Following the step (2) in Figure 6.24, L. innocua 
suspension was added into the wells with the plate incubated for 1 hour.  The bacteria 
were discarded and wells were washed as before.  In step (3) shown in Figure 6.24, 
100μl detection antibody labelled with HRP was suspended in conjugate diluent (1:1000 
dilution, 1μg/ml) and added into each well then incubated for 1 hour. The remaining 
detection antibody was removed and wells were washed as before.  To detect the 
specific binding between the detection antibody and captured L. innocua, 100μl 
substrate was added into each well and the plate was incubated for 20 minutes. The 
reaction was stopped by adding 100 μ l stop solution.  Optical density of detection 
antibody was measured using SpectraMax M5 (Molecular Devices, MV02640) by 
detecting the absorbance of light at 450 nm.  
To compare the results with the polymer cantilever, biotinylated capture antibody with 
different concentrations (0, 4, 10, 20, 50,100μg/ml) were used to coat the wells of 
96-well microtitre plate in the coating step. The well that had been incubated with 
coating buffer was used as a negative control.   
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Figure 6.24  Schematic diagram of food pathogen detection by using ELISA system. (1) Biotinylated capture 
antibody is incubated onto the ELISA well. (2) Bacteria antigen binds to the capture antibody via incubation. (3) 
HRP labelled antibody binds to bacteria (antigen). (4) L. innocua pathogen detection process. 
The optical density (Absorbance) change versus the captured antibody concentration in 
both ELISA system and the cantilever based system was tested and the results are 
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shown in Figure 6.25.  It is obvious that the optical absorbance of ELISA was much 
higher than that of the cantilevers, especially after the concentration had reached 
10μg/ml.  This is due to the different surface area between an ELISA plate well and 
the cantilever.  More antibodies are captured by the ELISA surface than a cantilever 
surface due to the larger surface areas. 
The optical absorbance increased as the concentration of the capture antibody increased 
for an ELISA system and a shape increase was found between the concentration of 4 
and 10μg/ml.  Then the rising speed slowed above 10μg/ml, which indicated a 
saturation was about to be achieved due to the binding between antibodies and antigens.  
On the other hand, the optical absorbance of the cantilever based system reached a peak 
position with a capture antibody concentration of 10μg/ml.  Optical density dropped as 
the concentration increased over 10μg/ml.  It might due to that cantilever has a much 
smaller surface area (~1mm~300μm) compared with an ELISA well, therefore, the 
occupied space between each capture antibody on the cantilever surface are so close to 
each other that can prevent further chemical reaction between antibodies and pathogens 
in the solution, reducing the detection sensitivity. 
It was also observed that the fluctuation of optical density was quite small between 20 
and 100μg/ml for both of the cantilever and ELISA surfaces. The concentration of 
4μg/ml was recommended by the manufacturer for this particular antibody, while the 
results of this experiment suggested that a concentration of 10μg/ml can be more 
sensitive. 
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(b) 
Figure 6.25  Measurement results of optical density  (absorbance) versus the concentration of capture antibody 
solution for cantilever experiment (a) and ELISA system (b).  
6.5.5 Cantilever pathogen detection 
To detect pure culture of L. innocua, a ferrule-top biosensor coated with capture 
antibody by self-assembling with 50μg/ml capture antibody solution was placed in the 
chamber.  50μg/ml concentration rather than 10μg/ml was used because the sensitivity 
was more stable in this region as can be seen from Figure 6.25(a).  A bacterial sample 
with the concentration of 104cfu/ml, which had been fixed with 10% formalin was 
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tested following the steps described above.  The schematic diagram of the 
functionalized cantilever was shown in Figure 6.26, where the top side of the cantilever 
was functionalized with active antibody while the back side of the cantilever was 
functionalized with de-activated antibody to prevent non-specific binding during the 
experiment.  Therefore, specific binding between pathogen and capture antibody will 
only happen on the top surface of the cantilever. 
A ferrule-top biosensor was placed inside a liquid chamber with a volume of around 
~50μl in which the deflection of the cantilever was monitored.  A blocking buffer was 
injected into the chamber to ensure the blocking of non-specific binding sites.  As the 
cantilever deflection reached a steady-state after about 10 minutes, the sample with L. 
innocua was injected into the chamber. The deflection cantilever was monitored until 
another equilibrium position was achieved. The temperature of this experiment was 
controlled by a commercial available temperature controller with a temperature 
resolution of ±0.1˚C. The whole experimental set-up is covered with foam and filled 
with insulation materials to minimise heat dissipation. 
 
  L. innocua (antigen) Biotinylated capture antibody        Blocking antibody 
Figure 6.26  Schematic diagram of binding structure for pathogen detection. The cantilever is coated with Cr/Au on 
both sides. The top side of the cantilever is activated with biotinylated antibody while the bottom side is 
functionalized with blocking antibody. 
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(b) 
Figure 6.27 (a) Real time detection of pathogen at a concentration of 104cfu/ml versus cantilever deflection. (b) 
Zoomed in part shows after injection of pathogen. The deflection noise level is ~20nm after saturation. 
First of all, BSA was injected gently into the chamber at a constant speed of 10 µL/min.  
Lower speeds reduced flow turbulence during injection and allowed a stable 
measurement environment.  Due to non-specific binding, the cantilever first bent 
upwards, which equaled to a compressive surface stress.  After about 40 minutes, it 
stopped bending and started to saturate.  To ensure all biotin was blocked by BSA 
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solution, we kept injecting BSA for another 10 minutes after saturation.  After that, 
pathogen with a concentration of 104cfu/ml was injected.  It can be seen from the 
Figure 6.27(a), the cantilever starts to bend again after ~5 minutes and another 
equilibrium position was achieved within half an hour.  During the whole process, 
surface stress caused by the interaction of biotin-antibody and pathogen binding was 
~50mN/m calculated by Stoney’s equation. 
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Figure 6.28  Pathogen concentration versus cantilever deflection change at the concentration of 104, 106, 108cfu/ml 
respectively. 
The same experiment was done while increasing the pathogen concentration to 
106cfu/ml and 108cfu/ml.  At each pathogen concentration, the cantilever deflection at 
the equilibrium position was recorded and plotted in Figure 6.28.  The fluctuation 
range after deflection saturation level was used as error bar for each pathogen 
concentration. It is clear that the maximum cantilever deflection increased as the 
pathogen concentration increased.  At higher pathogen concentration, this trend 
seemed slow down. The size of pathogen is much larger than antibody which indicates 
that the interaction between adjacent pathogen will yield repulsive force and generate 
compressive surface-stress at the top side of sensing cantilever. As a result, cantilever 
will bend downward.  
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6.6 Discussion 
The main purpose of this chapter is to demonstrate the possibility of using ferrule-top 
biosensors to monitor biological binding processes. First of all, real time binding 
between biotin-streptavidin and antibody-antigen was monitored successfully by 
ferrule-top cantilever sensors.  The technique is also useful as a rapid detection method 
for small volume sample identification. Based on the experiment results, the ferrule-top 
biosensor had demonstrated a minimum detection concentration of ~104cfu/ml pathogen. 
The resolution of the system is calculated to be ~103cfu/ml by using the interrogation 
system developed in this thesis (discussed in Chapter 3).  However, higher sensitivity 
can be achieved by machining thinner cantilever or using a second reference cantilever 
to reduce the background noise.  Based on the experiment results, the ferrule-top 
biosensor seemed to be a more rapid detection method than the ELISA technique 
reported from previous papers. The sensor was capable of detecting the real time 
binding process between biotinylated antibodies and pathogens in sample after 24 hours 
incubation (enrichment) within one hour; while on the other hand, the results have to be 
carried out in approximately one day by using ELISA technique.  
The ferrule-top biosensor has a few advantages over the traditional ELISA.  First of all, 
the approach is label- free, therefore, reduces the preparation time for labelling.  In 
addition, the test volume required for the ferrule-top biosensor is smaller compared with 
an ELISA well and antibody can be functionalized onto the cantilever surface without 
any capture antibody required in an ELISA detection system. Therefore, the material 
cost of the system can be greatly reduced.  From biological point of view, the 
mechanical sensitivity of the cantilever might be further improved by optimizing the 
position/orientation of antibodies bound onto the cantilever surface. As a result, bacteria 
repel each other more and thus generate more surface stress. 
The ferrule-top biosensor has demonstrated the potential to be more sensitive, cheaper 
and faster compared with the ELISA technique.  Furthermore, it can also be applied for 
simultaneous detection of foodborne pathogens by using cantilever array (each of them 
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can be coated with different antibodies) for a single measurement to improve the 
sensitivity. Finally, the sensor can monitor the dynamic process of a biochemical 
reaction. This will potentially benefit the real time foodborne pathogens detection in the 
future. 
6.7 Conclusion 
In this chapter, a ferrule-top cantilever biosensor was successfully fabricated onto the 
end of a standard optical fibre. The sensor combines sensing probe and readout as a 
single element, thus there is no involvement with time-consuming alignment process. 
The fabrication techniques offer potentially low cost and mass production, which is 
promising for industrial application. 
After fabrication, the use of the sensor for biotin-streptavidin binding has been 
investigated.  A minimum detection level of ~10nM of streptavidin was achieved.  
Furthermore, the use of the cantilever biosensor for food pathogen detection has been 
demonstrated.  Food pathogen level of 104cfu/ml was successfully detected in 
real-time within 30 minutes, with a sample volume of ~50μL. The demonstration of the 
ferrule-top cantilever allows the development of a new generation of micro-cantilever 
biosensors with even higher sensitivities (104cfu/ml) based upon the resolution of our 
interrogation system developed in this thesis. The ferrule-top cantilever biosensor will 
also open the new route to transfer micro-cantilever based sensor to the clinic with a 
potentially low-cost fabrication process. 
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Chapter 7   
Optical probe for prostate stiffness detection 
In this thesis a technique that can demodulate cantilever deflection with nm resolution 
has been demonstrated.  Both cantilever design and fabrication onto the end and side 
of a single mode fibre have been investigated. The demonstrated results show the 
potential of using optical fibre probes in confined spaces. These techniques can be 
applied to a wide range of applications.  As an example of this an interferometric 
sensor probe that includes a 45˚ polished optical fibre as a key component of the sensor 
is developed for prostate tissue stiffness measurement.  The sensor can offer a much 
higher sensitivity and resolution with a reduced sensor size compared with devices 
based upon electrical sensing technology.  
7.1 Introduction to prostate stiffness detection 
Prostate cancer (PCa) is the most commonly diagnosed cancer in men 0.  Like most 
cancer treatment, early diagnosis increases the survival rate of the patient.  Diagnosis 
of PCa is carried out using four main methods: digital rectal examination (DRE); a 
prostate-specific antigen (PSA) blood test 0; prostate biopsy, and trans-rectal ultrasound 
(TRUS) [7.3].  DRE is a convenient but subjective test, where the prostate is palpated 
using the fingertip.  Palpation reveals if the prostate is enlarged, and may also reveal 
the presence of harder nodules which are indicative of cancer.  DRE is highly 
subjective, and depends strongly on the skill and experience of the medic performing 
the examination 0.  In addition, DRE may only have higher levels of accuracy when 
PCa is at a more advanced stage, which limits its utility as a tool for early stage PCa 
detection.  A blood test to identify high levels of prostate-specific antigen (PSA) may 
also be used for diagnosis.  Unfortunately the use of the PSA test has been subject to a 
high rate of false-positive results, leading to unnecessary surgery 0.  In addition, some 
types of cancer may not cause the production of PSA, which further reduces the 
reliability of the test.  If PCa is suspected using either of the recently described 
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diagnostic methods, a prostate biopsy may be carried out.  In this procedure, needles 
are inserted into the prostate via the perineum and core samples of the gland are 
removed for analysis.  The samples are assessed using the Gleason Grade for tissue 
quality 0 and following these tests, a patient may be recommended for surgery.   
TRUS and TRSE (trans-rectal sonoelastography) are also used to diagnose the extent of 
PCa and other prostate nodules.  In a TRUS examination, a probe is inserted into the 
rectum which images the prostate via its posterior surface.  TRSE adds the 
measurement of tissue stiffness to the B-mode image captured using TRUS.  In most 
TRSE probes, an inflatable cuff is attached to the protective sheath over the probe.  
The cuff is inflated and deflated, usually by hand, to compress and release the tissue 
around the probe.  The changes in the image between compression cycles are 
processed to produce a map of (usually relative) stiffness of the tissue in the prostate.   
A key problem with these four common diagnostic methods is low sensitivity and 
specificity.  DRE is unlikely to be able to distinguish small nodules of potentially 
malignant cancer.  In addition, biopsy may miss cancerous regions of the gland 
altogether, leading to a misleading assessment of the type of cancer present.  Failures 
in these diagnostic tools mean that some men undergo unnecessary prostate surgery. 
Inadequacies in the current diagnostic tools for PCa diagnosis have led to the 
development of a dynamic instrumented palpation (DIP) device to measure prostate 
stiffness and diagnose PCa type based on the mechanical properties of the tissue.  A 
DIP device palpates the prostate gland at a controlled frequency and allows the dynamic 
and static behaviour of the tissue to be measured.  This allows the measurement of the 
shear modulus and Young’s modulus of the prostate gland, both of which can be used to 
distinguish different types of PCa and other benign disease. 
A DIP device made in this way can be inserted rectally and used to palpate the anterior 
surface of the prostate gland in a similar manner to current DRE practice. The 
advantage of the device over DRE is that an absolute measurement of stiffness is given 
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that can be compared to other measurements of prostate stiffness and used to diagnose 
more accurately the presence of PCa or other prostate disease such as benign prostate 
hyperplasia (BPH). 
A key requirement for a DIP-based device that can be used in vivo to replace DRE is to 
reduce the risk to the patient.  Using an optical fibre based measurement approach will 
enhance the safety of such a device due to the EMI free operation process.  In addition 
to the conventional electrical gauge, which limits the size and spatial resolution of the 
device, optical fibre sensor approach has prospect to greatly reduce the probe 
dimensions.  
In this section, a fibre optic diaphragm sensor (the “photonic finger” or “p-finger”) is 
designed and manufactured to evaluate the relative stiffness of simulated prostate tissue.  
A DIP device was developed with a flexible membrane that is inflated and deflated at a 
controlled frequency.  The device was tested on a model prostate gland with a 
unilateral stiff inclusion simulating advanced PCa with Dr Steven Hammer and Dr Will 
Shu at Institute of Mechanical, Energy and Process Engineering, Heriot-Watt University. 
The relative stiffness of the two sides of the model prostate gland was evaluated by 
comparing the change in dynamic response of the membrane when it is pressed on sites 
with and without the simulated PCa tumour.  
7.2 Fabrication of the sensor 
The fabrication of the sensor can be divided into two steps: forming the body of the 
sensor from laser cut acrylic layers, and inserting and aligning the optical fibre FP 
diaphragm sensor. 
 
 
207 
 
   
Figure 7.1  An exploded view of the sensor. The air supply tubing and fittings have been omitted for clarity. 
The body of the sensor was fabricated from layers of laser-cut acrylic which were held 
together with contact adhesive (Figure 7.1).  The dimensions of the device were 27mm 
long by 14 mm wide by 5 mm deep.  The main layer (labelled the air channel layer in 
Figure 7.1) of the device was formed from 3 mm thick acrylic sheet.  The membrane 
was held in place by adhesive attached to the cap and the air channel layer, and expands 
through the 10mm diameter hole in the cap.  Cut-outs for bayonet tube connections 
were formed in the air channel layer.  The tube connections were fixed in place using 
epoxy cement.  The air channel layer also has a support channel sized to fit the 
cladding of the bare optical fibre.  The layer above this has a “bridge” with a hole 
which is aligned with the centre of the membrane.  The bridge supports the optical 
fibre and provides a guide for its insertion and alignment with the membrane centroid.  
Silicon tubing was fitted on to the tube connections and then used to attach to 1.6mm 
outer diameter PTFE tubing.  The tubing was attached to a syringe which was 
manually actuated to inflate and deflate the membrane.  The system was leak checked 
before measurement to avoid spurious motion of the membrane due to leakage.  
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A SMF28 optical fibre was mechanically polished to 45˚ (Figure 7.2) and then inserted 
to the bridge. By carefully aligning the position of the fibre and monitoring the 
interferogram, an FP interferometer is formed between the 45˚ fibre tip and membrane.  
The membrane was formed from a 50 µm thick silicone-based clear plastic film.  The 
optical fibre was placed below the centre of the membrane in a support channel.  The 
centreline of the optical fibre was placed 0.9 mm below the lower surface of the 
membrane when at rest.  
 
Figure 7.2  45°mechanical polished single mode optical fibre. The centre part of the fibre is coated with silver.  
The optical fibre was bonded into place with cyanoacrylate adhesive after clear fringes 
are observed indicating good alignment between the fibre and diaphragm.  
125μm 
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Figure 7.3  A CAD rendering of the sensor (a) and a fabricated sample sensor with optical fibre aligned in the centre 
of the diaphragm(b). 
The optical fibre was bonded into place with cyanoacrylate adhesive after clear (high 
visibility) fringes are observed in the reflection spectrum.  The final sensor assembly is 
shown in Figure 7.3 (b).    
7.3 Sensor principle 
The 45˚ polished fibre is employed to allow light to be reflected from the diaphragm, as 
shown in Figure 7.4. An external FP interferometer is established between the 
diaphragm and fibre side wall. The 45˚ polished mirror is coated with silver to 
maximise its reflectivity.  The fringes of the diaphragm sensor are shown in Figure 7.5. 
From this data the cavity length is calculated to be 721μm.  
As the diaphragm touches the prostate tissue, stiffness can be converted to the 
deflection of the diaphragm, thus the monitored cavity length will change accordingly.  
The cavity length is calculated using the approach described in Chapter 3. 
45˚ polished fibre a 
b 
Fibre in the 
Tubing 
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Figure 7.4 Schematic diagram of Photonic-finger interrogation system. The zoomed in part shows the interferometry 
is create between the 45° polished fibre and the membrane surface. 
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Figure 7.5 A monitored interferogram of the designed P-finger sensor. 
The static cavity length fluctuation over 1.5 hours is shown in Figure 7.6 where the 
calculated r.m.s. error for cavity fluctuation is ±386nm.  This larger fluctuation 
(compared with static cantilevers) is to be expected given the much larger size of the 
membrane, and may also be susceptible to vibration of the front part of the 45˚ polished 
fibre which is only partly supported by the sensor structure. A small vibration of the 
fibre will lead to the deflection of the tip and causing a measured cavity length change.  
In addition, thermal induced noise will affect the small deformation of glued hinge 
which will also add to the cavity length fluctuation.  However, the measurement error 
here is already much smaller compared with an electrical gauge which is usually to be 
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~µm.  This demonstrates that the sensor is capable of measuring a large dynamic range 
while maintaining a high spatial resolution, and has the potential to be miniaturised 
further. 
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Figure 7.6  Cavity length fluctuations over 90 minutes. 
7.4 Experimental results and discussion 
7.4.1 Sensor calibration 
Calibration aims to test the static performance of sensor under different back pressure.  
In this way, air leakage can be identified and the deflection of the membrane can be 
calibrated.  For a clamped circular diaphragm with small deflection (less than half of 
the diaphragm thickness), the peak deflection can be expressed as 0: 
 
3
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nEh
a
yp

              (7.1) 
where yp is the deflection at the central point, µ is Poisson’s ratio, E is Young’s modulus, 
n is the refractive index of the air here, a is the radius of diaphragm, and h is the 
thickness of the diaphragm. 
The sensor calibration set-up is shown in Figure 7.7, where a water manometer is used 
for pressure calibration.  One end of the U tube manometer is open to the air while the 
other end is connected with tubing to the outlet of the sensor.  The inlet of the sensor is 
connected with a syringe by a plastic tube. An optical interrogator SM-125 (Micro 
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Optics) is used to acquire the reflection spectrum from the sensor and a LabView 
program is employed to demodulate the wavelength information to cavity length. This 
can be converted to peak diaphragm deflection by equation 7.1. 
 
Figure 7.7  Sensor calibration set-up 
The pressure inside the membrane actuated by the syringe makes the membrane deflect 
and this displaces the level of the water in the U-tube. The difference in water height in 
the manometer is proportional to the pressure difference.  By measuring the difference 
in height, the differential pressure can be calculated.  The demodulated peak deflection 
of the membrane was plotted against the pressure difference between the atmosphere 
pressure and the syringe pumping pressure in Figure 7.8.  Differential pressures 
between 200 and 900 Pa were monitored.  Both a forward cycle with increasing 
pressure and a reverse cycle with decreasing pressure were tested.   
It can be seen from Figure 7.8 that the cycling is nearly linear which matches with 
theoretical prediction.  However, the small deviation from the theoretical line is 
possibly due to the material characteristic of the diaphragm, or imperfections in the 
mounting arrangement resulting in deviation from the ideal response. 
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Figure 7.8   The static cycling response of the membrane sensor. Both a forward cycling from low pressure to high 
pressure and a backward cycling from high pressure to low pressure are carried out. 
It can be also seen that a large deflection range of up to 1000µm with a nearly linear 
response is achieved under static pressure excitation.  Both the forward and backward 
cycling show that the sensor can operate in a large deflection range while maintaining a 
linear response. The measured r.m.s. error is <1µm over a 1000µm measurement range 
and it’s difficult to be plotted in Figure 7.8. 
7.4.2 Dynamic cycling 
The aim of dynamic measurement is to test the mechanical response from the simulated 
prostate tissue by applying a compressive dynamic strain to the sample.  This is 
achieved by modulating the peak deflection of the membrane with a sinusoidal 
excitation and measuring its response.  In the case of dynamic measurement, the sensor 
operates at a fixed cavity length and a small fraction of deflection excited by the 
pumping pressure will be detected.  A schematic diagram of the dynamic measurement 
apparatus is shown in Figure 7.9. The P-finger sensor is mounted on top of a three-axis 
translation stage and the test prostate sample is fixed onto a base plate. The inlet of the 
sensor is connected to a syringe pumping, which can modulate the pressure inside the 
sensor dynamically. A single wavelength laser interrogation system is employed here to 
read out the signals.  
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A tunable laser based interrogation system is employed for dynamic measurement, with 
the wavelength selected to be near the quadrature point (the same operation point as 
used in Chapter 5 for acceleration measurement). The reflected light was then detected 
by a photo-diode and a LabView PXI A/D platform with a sampling rate of 10MHz and 
an A/D converter with 12-bit resolution was employed for data acquisition and analysis.  
In this test the change in pressure are deliberately very small therefore it is sufficient to 
use one wavelength to interrogate the cavity length and extract the deflection from the 
measured intensity. 
 
Figure 7.9  Experimental set-up of dynamic test.  Zoomed in section showed the rea image of a P-finger sensor 
attached to the top of the translation stage with a test prostate model set on the based plate. The sensor is connected to 
a syringe pump to give an actuated signal.  
Since the change in pressure is very small, the measured membrane deflection will also 
be very small.  The relation between the deflection change and the interfered fringe 
change in spectrum domain can be expressed by: 
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                   (7.2) 
λ is the laser operation wavelength, d is the absolute cavity length (which here refers to 
the distance between the polished fibre and the membrane), Δd is the pressure induced 
deflection change, and Δλ is the deflection induced fringe shift.  In our case, λ is 
1532nm, d is ~731µm, and Δd is normally <1µm.  The deflection induced fringe shift 
is <2.1nm which is within the linear range of the spectrum if the laser operates near the 
quadrature point.   
In the tests, the model prostate gland is mounted on a three axis linear stage.  The 
sensor is mounted on top of the stage and pressed down to contact the sample.  Before 
measurement begins, the zero pressure position for the membrane must be calibrated. 
This is achieved by gently pushing the device so the membrane just contacts the surface 
of the model prostate gland (available from Dr Steven Hammer), and then carefully 
adjusting the vertical position of the sensor until the output signal from the interrogation 
system is stable.  This ensures that the cavity length between the centre of the 
membrane and the 45˚polished fibre has not changed and there was no additional 
pressure applied on the sample.  
The pressure inside the membrane chamber is dynamically actuated with a sinusoidal 
pressure wave using a syringe pump.  5Hz, 15Hz and 20Hz sinusoidal signals were 
used to actuate the syringe pump, thus modulating the deflection of the membrane.  
Previous work 0 has suggested that actuation frequencies in this range produce a large 
response from prostate tissue. The reflected deflection after the membrane contacts the 
model prostate gland is monitored using the tunable laser interrogation system. 
Changes in the amplitude and phase relationship of the applied air pressure and 
measured membrane deflection signals are related to the stiffness of the material being 
measured.  The amplitude of the deflection signal is reduced as the membrane touches 
the prostate model and will be plotted in the following section.  The size of the 
reduction in deflection is related to the stiffness of the material being touched.  In 
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addition, when the prostate model is touched by the membrane, a phase shift occurs 
between the applied air pressure and the displacement of the membrane.  The phase 
shift is related to the shear modulus of the material. 
7.4.3 Prostate model stiffness test 
A typical response of the excited sine signal before and after touching the simulated 
PCa tissue is shown in Figure 7.10. The response before and after touching the 
simulated healthy tissue is shown in Figure 7.11. 
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Figure 7.10  The intensity change in the dynamic deflection of the membrane before and after touching the side of 
the model prostate gland with PCa. 
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Figure 7.11  The intensity change in the dynamic deflection of the membrane before and after touching the healthy 
side of the model prostate gland. 
On touching the PCa side of the model prostate gland (Figure 7.10), a larger reduction 
in the amplitude of the measured displacement is observed than when touching the 
healthy side (Figure 7.11).  The larger reduction is due to the increased stiffness of the 
PCa region of the model, which increases the stiffness of the membrane and PCa region 
combination, thus reducing the ability of the air supply to inflate the membrane to its 
unloaded peak displacement.  
The dynamic behaviour of different materials may be distinguished using two 
parameters.  The first parameter, amplitude ratio (AR), is defined as: 
tissue
air
A
A
AR                        (7.3) 
Where Aair is the membrane deflection in air and Atissue is the membrane deflection in 
contact with the tissue.  Air pressure is measured in Pa and membrane displacement is 
measured in μm. This is related to the elastic behaviour of the material.  The second 
parameter is the tangent of the phase difference θ between the displacement waveform 
before and after contacting the tissue and is expressed as    ( )  which is related to 
the shear modulus of the material.  The AR and phase difference were calculated from 
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a 5 seconds portion of the loaded signals.  For each measurement, the sensor was held 
in place on the prostate model and actuated.  The dynamic behaviour of real biological 
materials can vary with the frequency of the applied loading.  To test the ability of the 
probe to distinguish PCa from healthy tissue at different frequencies, it was used to 
dynamically load the model at 5, 15 and 20Hz.  Three positions on each side of the 
model were chosen, and measurements of membrane displacement at each frequency 
were made at each position. To distinguish between PCa and healthy tissue, AR was 
plotted against     ( ) as shown in Figure 7.12.  Two regions of data emerge, showing 
a cluster of PCa measurements with low     ( ) and high AR, and a cluster of healthy 
tissue measurements showing high     ( )and low AR. In terms of PCa tissue model, it 
is clear that the most of the data with different actuating frequencies have lower tanθ 
between 0.17 to 0.23, however, the same measurement results for healthy tissue model 
have larger spread region. The results indicate that a healthy tissue model contains more 
elastic component than a PCa tissue model thus a higher tanθ is often found. In terms of 
amplitude ration, the PCa tissue usually has higher number compared with a healthy one.  
This is probably due to that PCa tissue is harder and after in contact with P-finger 
sensor, it might be more difficult to deflect the membrane.  
 
Figure 7.12  PCa may be distinguished from healthy tissue in the prostate model at different actuation frequencies. 
The plot of amplitude ratio against the tan of the phase difference between the excitation signal and the measured 
displacement shows distinct clusters of PCa and healthy results. 
PCa 
Healthy 
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One limitation of this pilot study is the realism of the reference prostate model used.  
The model is made from a silicon elastomer molded into a realistic prostate shape.  
The PCa tumor is made from what appears to be cast polystyrene, which exhibits a 
weak viscoelastic response.  The material composition of a real prostate with PCa is 
more complex and usually less stiff than in this model.  However, the model is 
designed primarily as a training aid with a long shelf life, meaning that stable materials 
suitable for long-term use were used in its construction.  Further investigation on real 
prostate tissue would be required to demonstrate the value of the sensor as an aid to 
diagnosis of PCa.  
7.5 Summary and future work 
An optical dynamic instrumented palpation sensor for the measurement of tissue 
stiffness was developed in this section.  The sensor consists of a dynamically actuated 
membrane with a polished optical fibre underneath.  A FP interferometer is created 
between the side of the fibre and the inner surface of the membrane, which gave a 
displacement r.m.s. accuracy of ±386 nm.  The sensor was used to measure the 
stiffness of a model prostate gland with unilateral prostate cancer, and was able to 
distinguish simulated prostate cancer from healthy tissue.  The relationship between 
the amplitudes and the phase relationship of the displacement and actuation waveforms 
were used to distinguish each tissue type.   
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Chapter 8  
Conclusion and future work 
8.1 Introduction 
The work presented in this thesis was concerned with fabrication and interrogation 
techniques for optical fibre based cantilever sensor and its application for the 
measurement of biological binding, temperature sensing, pH sensing and acceleration 
measurement. The experimental work will be briefly summarised and an assessment of 
the conclusions will be presented.  Finally, the continuity of current work will be 
pointed out and discussed. 
8.2 Summary of the thesis 
Chapter 2 presented a review of fabrication and interrogation techniques of micro-    
cantilever sensors. Both electronic and optical approaches to fabricate the cantilever 
structure were discussed.  These approaches are well established, however, they are 
either prone to EMI or are too bulky to be used for some practical applications.  
Therefore optical fibre cantilever sensors are proposed as a possible solution.  Relevant 
conventional fabrication and interrogation techniques were reviewed first and then 
compared with the approach developed and investigated in this PhD thesis. 
In Chapter 3, FPI theory was introduced, which is essential to understand the operation 
principle of optical fibre cantilever interrogation system. We demonstrated the basic 
experimental set-up for a standard optical fibre cantilever interrogation system and FFT 
algorithm used to determine the cavity length which is essential for cantilever bending 
measurements. The system can offer potential robust and low cost solutions for 
industrial applications. The measured system r.m.s. error calibrated by Reinishaw ML10 
position sensor (accuracy ~1nm) is around ±15nm and after using a phase recovery 
algorithm, this error can be further reduced to ~2 nm in a stable environment. 
Chapter 4 explored the design and manufacturing techniques for optical fibre-top 
cantilever sensors.  The use of optical fibres offers a route to miniaturise the sensor 
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configuration and allow real-time bending measurement of micro-cantilevers in order to 
enable various sensing applications.  In this chapter, two major applications of optical 
fibre cantilever sensors are investigated: temperature and pH sensing.  The results 
show the advantages of a fibre-top cantilever combining the sensing and interrogation 
as a single element in a constrained measurement area, which was presented at 
Photon-12, Durham [8.1]. The experimental work for pH sensing is ready for 
submission to Journal of Smart materials and Structures. 
Chapter 5 discussed a sensor based upon a cantilever located at the side of an optical 
fibre, where a 45˚ turning mirror was machined by FIB into the fibre end, coupling the 
light back into the fibre core. In this way, displacement [8.2] or vibration perpendicular 
to the direction of the optical fibre can be measured. In addition, the structure allows 
longer cantilevers with increased sensitivity. Low g multi-axes acceleration 
measurement with micro-machined optical fibre side cantilever sensor has been 
demonstrated. The majority of the work has been prepared to submit to Optics Express. 
Chapter 6 explored the use of ferrule-top cantilevers as a biosensor [8.3]. The binding 
process between biotin-streptavidin was investigated in real time and further application 
of the sensor for pathogen detection was demonstrated.  Furthermore, the effectiveness 
of cantilevers were also tested, and compared with an ELISA system. The ferrule-top 
cantilever probe opens the new route for label- free, rapid and portable sensing platform 
with potentially low-cost fabrication process. 
Chapter 7 presented an optical probe for prostate stiffness measurement. The designed 
sensor offered much more sensitivity and specificity when measuring the modelled 
prostate comparing with an electrical gauge. The technique developed here has opened 
new route for accurate and reliable measurement for prostate diagnose in the future. The 
majority of this work has been submitted to Sensor and Actuator A for reviewing. 
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8.3 Future work 
8.3.1 Improvement of interrogation system 
In the thesis, we explored optical interrogation systems using a broadband light source 
and detected using a spectrometer (Ocean Optics S2000) to offer appropriate cantilever 
deflection sensitivity. The recovered deflection resolution using phase recovery 
algorithm was found to be 2-3nm, approaching the resolution limitation of S2000 
(~0.45nm). Higher resolution can be achieved by using more accurate spectrometer or 
optical spectrum analyser, but this will increase the whole cost of the system.  Other 
possible solution may use reference cantilevers to minimise the background noise to 
improve the sensitivity of the system. 
8.3.2 Fabrication MCF cantilever 
Based on the experience in the use of novel multi-core optical fibres [8.4] in our group, 
optical fibre-top cantilevers have been successfully fabricated onto a MCF, which offers 
new measurement capabilities. A single system may have one measurement cantilever 
and a reference cantilever to compensate for temperature changes.  A multi-cantilever 
sensor can be activated to detect several different species using a single fibre probe.  
The use of MCF in this application is novel and a highly speculative area of research.  
A successful outcome has been demonstrated by a 2-cantilever single fibre sensor with a 
MCF.  Future work will be focused on the 3-axes measurement with a single MCF for 
space constraint environment. 
 
Figure 8.1 A 4-core MCF fibre viewed by a microscope. 
50µm
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In order to accomplish small scale and highly sensitive biological measurement 
application, new fibre structure with a larger diameter or multi-cores is necessary to 
allow the manufacturing of longer cantilever beam onto the fibre.  Cantilever arrays 
can also be designed and manufactured. Some of them can be used as a reference to 
minimise the background noise.  With the current optical fibre fabrication technology, 
these special optical fibre cantilever sensors will become useful tools to monitor 
biological binding processes which potentially can be used as biomarkers.  With high 
sensitivity, it is also possible to use silica cantilevers machined directly onto an optical 
fibre for fast and low concentration food pathogen detection. 
8.3.3 Optical fibre P-finger for prostate diagnose 
Based on the mechanical polished 45˚ fibre and interferometer data analysis, optical 
P-finger sensor which is used to diagnose prostate tissue was explored in this thesis.  
The device was tested on a model prostate gland with a unilateral stiff inclusion 
simulating severe Prostate Cancer. In this work, the optical fibre has replaced the 
traditional electrical gauge based up on the experiment data in Chapter 5, made 
measurement safer and improved sensitivity. A proof-of-concept experiment has 
demonstrated the capability of the sensor for prostate stiffness measurement; however, 
the spatial resolution of the sensor is still not high enough for clinic trials with a single 
point sensor.  From the clinical point of view, spatial resolutions of <0.5mm with full 
degree multi-point gauges are necessary to give an overall measurement of the tissue.   
In this case, a diagnostic approach combining this with an ultrasonic probe will be 
advantageous for a comprehensive assessment of prostate tissue.  We believe that 
future work will focused on reduction of the sensor size for multi-point measurements, 
which will in turn improve the diagnostic resolution and reduce pain during the clinical 
examination. 
8.3.4 Label free bio-sensor for milk pathogen fast detection 
In this thesis, L. innocua in a food sample was detected by ferrule-top cantilever.  
Future work will be focused on applying the sensor for simultaneous detection of 
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foodborne pathogens, which can be achieved by using a cantilever array (each one of 
them is coated with different antibodies) in a single test.  With a higher specialty 
antibody, we might be able to monitor even lower pathogen concentrations as a result of 
the specific binding between the antibody and pathogen.  Due to the unavailability of 
the antibody, we are not able to conduct this experiment, however, based on the present 
result, we would expect a lower detection limit of ~103cfu/ml pathogen concentration. A 
potential useful design instead of using ferrule-top cantilever sensor is to fabricate a 
cantilever directly onto a polymer fibre.  Due to the low Young’s modulus and larger 
diameters of polymer fibres, it is possible to manufacture high sensitivity cantilevers to 
measure biological binding in real time.  
8.4 Conclusions 
The initial aim of the project was to explore the fabrication and interrogation 
technologies and use of micro-cantilever sensors fabricated onto the end of optical 
fibres.  The design and demonstration of the sensor addresses the issues with 
conventional AFM techniques, in which bulky optical beam detection systems are 
unsuitable for in-vivo measurements.  The use of optical fibres offers a route to 
miniaturise the sensor configuration to allow bending measurement of micro-cantilevers 
in real-time enabling bio-sensing applications in space constrained environments.  
Based on this, fibre-top cantilevers have been successfully fabricated by ps- laser/FIB 
machined techniques with a further demonstration for temperature and pH sensing.  
Another design with machined cantilever on the side of an optical fibre was also 
proposed to increase the sensitivity.  This demonstrated the potential for multi-axes 
acceleration measurements down to ~ 0.2g with a single optical fibre in a space 
constrained environment. 
Other designs based on the concept of optical fibre cantilever sensors have extended the 
application range to biotin-streptavidin binding and real time food pathogen monitoring. 
These demonstrations allow optical fibre cantilever sensors to monitor real-time 
biological binding with fast response times and small detection volume.  Therefore, in 
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the long-term, we expect portable touch-and-tell devices combined with optical fibres in 
the healthcare industry to increase in popularity. 
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